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Abstract
Abalone are a globally important aquaculture species that can play an important role in
human nutrition for omega-3 and it is a high value seafood product. Abalone farming
in Australia is a rapidly growing industry, replacing a declining wild harvest of
abalone, that primarily operates land-based farms and use artificially formulated feeds.
However there are potential environmental, health, and economic benefits to farming
abalone offshore in place of or in addition to land-based systems, also incorporating
seaweed feeds. This thesis explores the opportunity of growing abalone in a more
efficient and sustainable manner through the provision of both seaweed diets and
offshore culture systems. Diets and culture methods were investigated by conducting a
long-term growth trial with grow-out stage abalone in both an experimental land-based
and an offshore culture system. Eleven different dietary treatments, incorporating both
formulated feed and seaweeds, were trialled across the two culture systems – onshore
and offshore. The production performance of the abalone was compared in regard to
varying the culture system as well as the dietary treatment. Further to this, the fatty
acid profiles of the abalone in response to trial diets were analysed in both systems to
assess the potential improvements to the health of the abalone and the benefits to the
human consumer. Finally, a cost benefit analysis of the offshore trial system compared
the capital and operational costs with onshore culture systems, including the use of
seaweed in contrast to formulated feeds.
Abalone cultured in the offshore trial system had much higher survivorship in
all treatments (80- 92.5%) but lower growth rates (SGR = 0.03- 0.09) than those
onshore (survivorship = 44%; SGR = 0.19- 0.25) over the year long trial. Abalone
alternately fed formulated feeds and formulated feeds blended with green seaweeds
(Ulva spp.) had significantly higher growth rates (SGR = 0.09 offshore, = 0.25
onshore) than seaweed only diets (SGR < 0.06 offshore, = 0.19 onshore) across both
offshore and onshore systems (p < 0.05). Seaweed diets that included mixed red
seaweeds, including in combination with other seaweeds, also provided for better
growth rates (SGR > 0.06) than single species or non-red seaweed diets offshore (SGR
= 0.03) (p < 0.05). Despite the reduced growth rates in the offshore system, the overall
yield was comparable to the trial onshore system due to the lower mortality within the
offshore system.
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Seaweed diets improved the fatty acid profiles of abalone, most notably as they
increased the levels of omega-3 fatty acids and improved n-6: n-3 ratios (n-6:n-3 = 0.5),
compared to those fed formulated feeds (n-6: n-3 = 1). Despite lower content of n-3
long chain fatty acids (LC n-3 PUFA) in the seaweed diets compared to formulated
feeds, the long chain fatty acids of the abalone, including DHA, were comparable
across both treatments. Thus the seaweed diets provided for optimal fatty acid profiles
despite lower LC n-3 PUFA content. The addition of seaweed to formulated feeds
consistently improved the fatty acid profile of abalone tissue as well. The seaweed
nutritional profiles, however, had higher variation due to seasonal effects, including
species composition changes. This also resulted in variable affects in the fatty acid
profiles of the abalone tissue, emphasizing that the source of seaweed should probably
be optimised and controlled to deliver more consistent nutrition, potentially through
cultivation. Alternately the blend of seaweeds with formulated feeds appeared to
provide for the best growth rate and abalone tissue profiles and would also reduce the
variable nature of the seaweed only diets.
The use of seaweed feeds reduced the maintenance and feed costs to the point
that offshore culture systems should be economically viable. This was largely due to
feeding regimes that were only fortnightly offshore, as the seaweed feeds did not
degrade, compared to at least weekly feeding regimes onshore with formulated feeds.
The production of abalone in the trial offshore culture system was prohibitively
expensive when formulated feeds were used due to increased maintenance. Thus a cost
benefit analysis indicated that despite reduced growth rates in offshore systems, the
benefits of reduced maintenance through the use of seaweed diets and high
survivorship resulted in favourable business viability outcomes. Improved growth rates
for offshore systems could be achieved if suitable offshore formulated feeds could be
developed for increased stability and reduced maintenance; but these should include
seaweeds for optimised growth and health outcomes. However, feeding abalone
seaweed diets only increased abalone health with consequent benefits to human fatty
acid nutrition and reduced offshore farm maintenance significantly. There are also
environmental benefits to the production and use of seaweeds in more sustainable life
cycle scenarios for abalone farming. Further optimisation of offshore trial systems and
seaweed diets could enhance the growth of the Australian abalone aquaculture industry.
iv
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Thesis Summary
This thesis is written in the form of a general introduction, three data chapters, a costbenefit analysis, and general conclusions. Each of the three data chapters represents a
section of a larger experiment. Chapter 2 has been published (see below), and Chapters
1 and 3 are written with the intention of submitting them for publication. These 3
chapters have been reformatted for this thesis. Appendix C is a related paper from my
previous Honours research that I published during my PhD candidature.
The general introduction reviews current literature and explores the concept of
abalone aquaculture. The benefits of both land based and offshore culture systems are
detailed. Global trends in the use of different feeds that are used in abalone culture are
discussed. The arguments for using formulated feeds and seaweed feeds are
established. The results determine the need for further trials in an Australian context.
Chapter 1 sets out the main experiment of the thesis. An offshore abalone
culture system was trialled over a 12 month period and compared with a land based
counterpart. A range of different seaweed and formulated feeds were trialled within the
system. The production performance of the abalone was analysed over the trial period.
Chapter 2 explores the effect of seaweed versus formulated feed on abalone
tissue from the perspective of proximate composition but with a focus on the fatty acid
profile. There were significant differences in the health benefits for human
consumption between abalone fed the different diets.
Chapter 3 explores the fatty acid profiles of diverse types of seaweed diets in
an offshore system. It categorises the variations in abalone tissue based on the different
seaweed diets they were fed.
Chapter 4 sets out a basic cost benefit analysis of the offshore trial system. It
utilises assumptions based on the trial in the first chapter. This is compared to a
previous study on the cost benefit of a land based culture system in Australia. This
provides information for further development of offshore abalone culture in south east
Australia.
The general discussion synthesises the final results of each of the chapters and
sets out future research directions.
vii
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General Introduction

Abalone
Abalone (family Haliotidae, genus Haliotis) are gastropod molluscs, renowned for
both their flesh and shells. Many are widely used aquaculture species, and abalone are
considered one of the most highly valued seafood products throughout the world
(Minh et al. 2010, Qi et al. 2010, Cook 2014). Abalone are considered generalist,
opportunistic herbivores, and are known to fare better on a wide range of diets, but
dominated by macroalgae (Troell et al. 2006). Abalone use an enlarged muscular foot
to move, and feed using a rasp-like, scraping mouthpart or radula (Qi et al. 2010). In
the wild, adult abalone are predominately sedentary, scraping off attached or catching
drift macroalgae (Shepherd 1973, Hahn 1989, Day and Fleming 1992, Fleming 1995a,
Allen et al. 2006), but also including benthic microalgae when macroalgae is in limited
supply, for example within tropical coral reef environments (Sawatpeera et al. 1998).
They are also known to forage and feed at night, which effects the food resources
available to them (Uki 1981, Donovan and Carefoot 1998). Consequently, abalone gut
contents reflect the geographical diversity of available drift algae (Troell et al. 2006),
with a minimum of two algal species in the gut at any one time (Barkai and Griffiths
1986). Different abalone species are known to harvest different macroalgae types
depending on their habitat and availability (Barkai and Griffiths 1986, Dunstan et al.
1996), but the basic nutrition is derived from an assortment of algae (Viera et al. 2005).

Abalone Aquaculture
While abalone have long been harvested from the wild, recent increases in demand
have resulted in over exploitation of wild populations and led to massive declines in
natural populations around the world (Shpigel et al. 1999, Gordon and Cook 2001).
Due to ecological concerns and serious declines in wild abalone yields, many countries
began cultivating abalone during the 1990s (Freeman 2001). Artificial cultivation was
further stimulated by an increase in productivity due to the ability to control both water
quality and feed supply in culture systems (Minh et al. 2010). Abalone fisheries are
now widespread across many countries, including Australia, New Zealand, USA,
1

Mexico, South Africa, Japan, China, Taiwan, Korea, Ireland, and Iceland (Hahn 1989,
Gordon and Cook 2001).
The success of abalone culture depends upon the selection of a suitable species
from the local environment that has good growth and survival rates, an established
market, and a reliable, locally available feed supply (Fermin and Buen 2002). For
economic viability, it is important to ensure that commercially farmed abalone reach a
marketable size as quickly as possible, to reduce production and maintenance costs and
to minimise risks (Qi et al. 2010). Generally, it can take up to four years to grow
abalone from seed to market size (approx. 80g; Troell et al. 2006), though this is
dependent on the targeted market and species. Faster growth rates can be achieved
through a range of measures, including optimising the cultivation environment (e.g.
temperature) and farm management practices (e.g. maintaining good water quality), as
well as selective breeding through hybridisation or domesticating species with
desirable traits, such as fast growth rate.
The species of abalone that is farmed in each region differs according to the
natural biogeographic species distribution and/or climate. Similarly, abalone culture
systems and feeding regimes (feed type, frequency, and timing) differ across global
commercial abalone fisheries. In many regions, macroalgae are grown or harvested to
feed farmed abalone and their diets reflect species-specific dietary preferences,
macroalgae biogeography, and seasonal availability. In contrast, some regions do not
have the capacity to harvest wild macroalgae and therefore rely on formulated pellet
feeds. Furthermore, abalone can be farmed in either onshore or offshore culture
systems, and these different types of culture also vary worldwide. The relatively slow
growth rates of abalone, as well as the feed and cleaning costs, mean that the selection
of culture system and diet for the grow-out stage is economically of vital importance.
Regional practice patterns will dictate the potential for different types of culture
systems and feeding regimes for local aquaculture.

Land based abalone grow-out systems
Land based raceway abalone culture systems are common worldwide. These systems
utilise graded shallow troughs that are inside sheds or shade cloth enclosures. Onshore
culture requires large amounts of flowing seawater to be pumped through large tanks,
resulting in high energy costs (Ryan 2004), but allow for ease of maintenance, feeding
2

and harvesting abalone. In the southern regions of Australia, these systems produce
abalone with annual survival rates of 80 to 95 % and growth rates of 20 to 30 mm a
year for H. laevigata (the primary culture species in this region; Fleming 1995a). In
these flow-through systems, it is more common to use formulated feeds in the growout stage due to the ease and consistency of feed distribution (Robertson-Anderson
2008). However, there are implications for production costs, environmental impacts
and the overall health of the abalone. The expansion of onshore global aquaculture
production is restricted by the number of suitable available sites and the ecological
carrying capacity of the already existing sites (Troell et al. 2009). These limitations
could be avoided by the enhanced utilisation of offshore aquaculture.

Offshore abalone grow-out systems
Sea-based farming conforms to a fairly standardized format worldwide, with sites
located in sheltered or semi-sheltered inshore or bay waters (Ryan 2004). The high
levels of water exchange in offshore culture sites, from tidal currents as well as wind
and wave action, provide many benefits to potential aquaculture operations. These
include greater oxygen availability, reduced ammonia levels, and more stable
temperature and salinity regimes (Ryan 2004), without the associated costs of
maintaining these variables onshore.
There are many logistical challenges that need to be overcome when
establishing an offshore aquaculture site as a result of the high-energy environments in
which they exist. The system design, including lines and cages, has to be engineered to
withstand both the tidal and wave action of its location (Ryan 2004), and the system
must be able to sustain itself for extended periods as access to sites can be restricted
due to weather and sea conditions (Ryan 2004). Yet, the environmental impacts of
aquaculture systems can be significantly lower offshore than onshore, particularly with
regard to species found lower down the food chain. While there are similarities with
their offshore culture, cultivation of species like shellfish and macroalgae generally
have a lower impact on the surrounding environment than intensive fish and shrimp
cultures, as they do not add as much organic material or dissolved nutrients to the
system (Hopkins et al. 1995).
The economic viability of offshore aquaculture is yet to be proven, particularly
in developed countries that have higher labour costs (Troell et al. 2009). Offshore
3

abalone systems are known to have low initial capital costs but high ongoing costs
(Forster 1996). The net profits of an offshore culture system therefore depend on initial
investment costs, maintenance costs, harvest, handling, and any additional inputs to
production (Buck and Buchholz 2004, Troell et al. 2009). The high ongoing costs of
offshore systems can be offset by economies of scale; that is, increasing operating
volumes (Ryan 2004). The utilisation of an offshore system could significantly
increase the environmental and economic sustainability of the abalone industry.
The Australian abalone aquaculture industry primarily relies upon land based
raceway culture systems (Allsop 2001), though there are several barrel or sea cage
systems currently operating in Australia (Maguire 2001, Butterworth 2010); however,
optimisation of these offshore systems, in diverse Australian geographical contexts,
requires further research and development.

Commercial Abalone Feeding Regimes
Feed selection is an important consideration in developing an abalone culture system.
Feed supply contributes a significant proportion of the operational costs in Australian
abalone culture (Vandepeer 2002), and in offshore finfish culture systems can amount
to 50 - 70 % of total running costs (Ryan 2004). As a result, the feed delivery method
must allow for adequate and efficient supply with minimal wastage. The quality of
feed is also very important, as the provision of nutritionally well-balanced diets with
suitable protein, carbohydrate, and lipid profiles can significantly increase the growth
rates, health and survival of abalone in cultivation. One of the key challenges facing
the abalone culture industry is the development of a sustainable, cost-effective food
supply for the long grow-out periods (Shpigel et al. 1999, Demetropoulos and
Langdon 2004b).
Commercial abalone systems currently use either macroalgae or formulated
feeds for the grow-out stage of abalone production. The type of grow-out system (seaor land-based) will influence the diet provided to the abalone. Offshore, sea-based
grow-out systems in Japan, China, the United States and South Africa often utilise
wild-harvested macroalgae (Hahn 1989, Demetropoulos and Langdon 2004a, Troell et
al. 2006, Qi et al. 2010). These countries also use wild harvest cultivation-enhanced
macroalgae (through fertilization) or co-cultured kelp (Phaeophyta), in both sea and
land-based systems.
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It is important to develop feeds that are tailored around the biogeographic and
species’ differences in feed supply and preference to be used in Australian abalone
culture systems. At present, most abalone culture operations within Australia utilise
formulated feeds that have been developed specifically for the locally cultivated
species’, Haliotis rubra Leach and Haliotis laevigata Donovan. Interestingly, in one
study, the use of mixed algal diets, including the use of nutrient enhanced macroalgae,
increased the growth rates of the juvenile hybrid abalone (H. rubra x H. laevigata)
when compared to formulated feeds (Mulvaney et al. 2013), while in another they
reduced growth rates in juvenile greenlip abalone (H. laevigata; Bansemer 2016). The
potential of local macroalgae as feeds for abalone has not yet been comprehensively
explored.

Commercially formulated feeds
In many land-based culture systems, formulated feeds provide nutrients in a consistent
form that can be adjusted according to seasonality and abalone growth rates (Daume et
al. 2007, Stone et al. 2013). They also reduce many of the logistical problems
associated with macroalgae feeds. Formulated feeds are easier to store, they allow for
aquaculture growth across wider regions (e.g. away from coastal areas that are sources
of macroalgae), and they have the potential to be used in mechanised/automated
delivery systems (Hahn 1989, Coranzi and Illanes, 1998).
While formulated feeds provide a more logistically simple method of farming
abalone, there is some debate about their suitability as an abalone diet. This is due
firstly to their high cost, but also because of the amount of biomass needed from
freshwater and/or land based cereal production to provide food for an organism that
naturally feeds on a saline crop (Teves and Ragaza 2014). Most formulated feeds
currently used in Australia are primarily cereal based, but many also contain fish meal.
There are environmental concerns about the levels of wild-caught fish required to meet
the ever-growing demand for fish meal production (Naylor et al. 2000, Arvanitoyannis
and Kassaveti 2008), which is becoming increasingly unsustainable. Fish meal is in
high demand across the world (Evans and Langdon 2000), including wide use in
aquaculture (Kirkendale et al. 2010), leading to the price of fish meal and fish oil
rising rapidly. Many studies have investigated novel ingredients for feed additives or
fish meal replacements and found that macroalgae offers many of the same benefits
5

(Teves and Ragaza 2014). Dried macroalgae meal may provide a viable alternative as a
formulated feed additive (O’Mahoney et al. 2014).
The effectiveness of formulated feeds has also been disputed. Many of the most
nutritionally valuable components of formulated feeds may be leached rapidly when
the feed pellets are immersed in seawater, rendering them inefficient (Fleming et al.
1996). The stability of formulated feed pellets depends heavily on good binding
properties, water temperature, the ingredients incorporated to stabilise the feeds, and
the manufacturing process (Hahn 1989) which has been refined over the last 30 years
as the global aquaculture industry has grown. This stability is an important factor when
considering offshore culture of abalone. Without the tactile stimulation naturally
provided by algae, the abalone may also lack a feeding response due to the poor
detection of the presence of feed (Allen et al. 2006). Studies have found ingestion rates
of these artificial feeds as low as 0.7 % of body weight per day (Fleming et al. 1996,
Knauer et al. 1996, Clarke and Creese 1998, Allen et al. 2006). These reduced
ingestion rates are likely caused by the lowering of nutrient uptake by the abalone fed
formulated feeds with a high energy content (Fleming et al. 1996). Formulated feeds
require that the abalone actively search for the food, increasing the energy
consumption of the abalone, due to the increased muscle activity and mucus
production for locomotion (Donovan and Carefoot 1998), reducing the energy
available for growth. Land based culture systems that use formulated feeds are
designed with this in mind but this is harder to engineer in offshore systems. In
comparison, macroalgae will often drift into the feeding range of the abalone in
systems with good water circulation. Furthermore, artificial feeds can lead to early
sexual development in abalone, which has been shown to have adverse effects on their
long-term growth (Jackson et al. 2001, Lopez and Tyler, 2000).
It is important to note for further development of offshore cultivation systems
that, due to the inaccessibility of offshore aquaculture, ideally these systems should be
sustainable for at least three weeks without maintenance or feeding (Ryan, 2004).
Research needs to be undertaken on producing a feed source that can be delivered
remotely, or one that will remain stable and active for extended periods. At this time,
formulated feeds require changing every 3-4 days in order to maintain optimal growth
conditions for abalone (industry comments). A review by Fleming et al. (1996)
highlights the importance of feed binders in formulated feed development; however,
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feed stability has been shown to be negatively correlated to feed palatability (Gorfine
1991). Certain binders in feeds can create problems with managing water quality
(O’Mahoney et al. 2010). Further research needs to be done to produce a more waterstable feed. Alternatively, macroalgae could be utilised, as it remains intact and alive
without degrading over a week or more under the right conditions, or longer time when
given a light source, unlike formulated feeds.

Macroalgal feeds
While some commercial farms use macroalgae as the principal food source, the
availability and quality of a reliable source of macroalgae is highly seasonal; thus the
logistics of harvesting macroalgae can prevent its use (Britz 1996). Due to the high
water content of macroalgae, abalone can consume 35 % of their wet body weight in
macroalgae each day (Viera et al. 2005) and so require large amounts of macroalgae in
order to sustain good growth rates (Tahil and Junio-Menez 1999). The economic and
environmental considerations in harvesting large quantities of wild macroalgae
(Mercer et al. 1993), the electricity needed for frozen storage, or the labour for drying
it, are also limiting factors in the use of macroalgae as a commercially viable abalone
feed supply (Hahn 1989). There is potential that introducing macroalgae to culture
systems will increase the risk of disease, predators, pests, or competitors (BautistaTeruel et al. 2011). The potential for macroalgae feed supplies for use in the abalone
aquaculture industry will most likely depend on the development of concurrent
macroalgae cultivation systems (Troell et al. 2006). Many of the issues involved with
the supply of macroalgae in southern Australia as an aquaculture feed source are
currently being overcome with the development of the Australian macroalgae
aquaculture industry (Lorbeer et al. 2013).

Brown macroalgae (Phaeophyta)
Various species of brown macroalgae are used in commercial abalone farms around
the world, simply due to its availability and relative low cost. Kelp (Laminaria sp.) has
been shown as an optimum food for the Japanese H. discus hannai (Hahn 1989), with
large juveniles and adults preferring a diet of brown macroalgae of the family
Laminariaceae (Sakai 1962, Uki 1981, Qi et al. 2010). Some kelp species with soft
texture and low concentrations of polyphenolic compounds, such as bull kelp, are
known to be attractive to herbivores (Winter and Estes 1992, McShane et al. 1994).
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When offered a choice of brown macroalgae or red macroalgae, red abalone (H.
rufescens) showed a preference for the former (Tenore 1976); however, the diversity
of red macroalga used in this trial implies that such generalised preferences cannot be
made easily across brown, red and green macroalgae. Naidoo et al. (2006) found that
fresh kelp could produce higher abalone growth rates than artificial feeds or dried
macroalgae, which suggests that feeding preference is related to nutritional value.
However, it may be the epiphytic growth of diatoms on the surface of the kelp that
induce higher growth rates of abalone (Rosen et al. 2000), indicating that kelp has a
much lower nutritional value than these studies found.
Kelp, despite being used in many grow-out systems, has a relatively low
nutritional value that can vary by season (Britz, 1996). High phenolic levels (which
have been shown to deter grazing) in another kelp species, Ecklonia maxima (Osbeck)
Papenfuss, made it the least preferred algae of three fed to H. midae (Stepto and Cook
1993). Ecklonia spp. were also avoided when H. midae were given a mixed diet
(Simpson and Cook 1998). It has been established that juvenile H. rufescens grow
faster on a formulated diet than when fed giant kelp, Macrocystis pyrifera (Viana et al.
1993). The low protein content of the giant kelp (ca. 15 %; Hahn, 1989) led to an
unbalanced amino acid profile in the abalone fed the kelp, which was apparent by good
shell growth but relatively low gains in meat weight (Britz 1996, Troell et al. 2006).
Despite the apparently negative effects of feeding abalone brown algae, these
taxa are widely used in many commercial grow-out systems outside of Australia. This
is primarily because it is readily available compared to other macroalgae types, making
brown algae more viable when a cost benefit analysis is undertaken over a short
timeframe (Nobre et al. 2010). Most studies on kelp diets focus on South African,
American and Asian abalone in culture. Australian brown algae appear to have a
higher concentration of polyphenolic compounds compared to northern hemisphere
kelp (Steinberg and van Altena 1992, Stepto and Cook 1993). The high phenolic
content may be a defence against herbivory as it is unpalatable to abalone (Winter and
Estes 1992). Despite this, a study using combined stable isotope and fatty acid
analyses found that wild Australian abalone derive a major portion of their nutritional
requirements from brown algae (Guest et al. 2008).
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Red macroalgae (Rhodophyta)
Using gut analysis of wild populations, certain species of Rhodophyta have been found
to be the most common type of macroalgae in biomass in Australian wild abalone diets
(Poore 1972, Wells and Keesing 1989, Shepherd and Steinberg 1992, Fleming 1995a).
Several reasons have been suggested for this preference, including that Australia has a
rich diversity of red macroalgae (Shepherd 1973), that they are softer and easier to
consume (McShane et al. 1994), and have a relatively high digestible nitrogen and
energy content (Fleming 1995a, 1995b). This preference for red macroalgae over green
and brown macroalgae is relatively consistent in Australian studies (e.g. Shepherd and
Steinberg 1992, Fleming 1995a); therefore, red macroalgae are regarded as a key
candidate for commercial abalone feed in Australia. However this field of research is
relatively young and so it is too early to draw consistent conclusions.
Several species of red algae have been shown to be promote good growth rates
in abalone culture. The red algae Gracilariopsis heteroclada was found to promote
high growth rates over a long-term period (360 days) in H. asinina and is considered to
be the best suited for abalone farming in the Philippines (Capinpin and Corre 1996).
The red macroalgae dulse, Palmaria palmata, has protein, lipid, and carbohydrate
levels of 15, ~ 4, and ~ 25 %, respectively, and is considered to be a well-balanced
feed for H. tuberculata and H. discus hannai (Mercer et al. 1993). In a study off the
coast of Japan, this red alga species produced the highest monthly weight gain (51 %
of body weight), and a shell length increase (2.97mm each month), when compared to
55 other species of marine algae fed to H. discus hannaii (Uki et al. 1986). Other
studies have shown that both P. palmata and P. mollis can support similar or better
growth compared to artificial diets or other macroalgae species for several species of
abalone: H. tuberculata, H. discus hannai, H. rufescens and H. sorenseni (Mai et al.
1994, 1995, 1996, Rosen et al. 2000, Demetropoulos and Langdon 2004a). Some
Gracilaria spp., which are also native to Australia, have become a major feed source
for abalone cultured in southern China (O’Bryen and Lee 2003).
While many red algae have good nutritional profiles, some taxa of Rhodophyta
are not suitable for commercial abalone diets. One study (Fleming 1995a) found that
the consumption of Laurencia botryoides (C.Agardh) Gaillon led to weight loss and
eventual death in H. rubra due to the toxins it contains. Sakata et al. (1991) isolated a
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chemical in the Australian red algae, Phacelocarpus lubillardieri, which inhibited
feeding and masked the presence of feed stimulants. Despite this, there is enough
evidence to further explore different Rhodophyta species as feed sources for abalone
culture, particularly in Australia.

Green macroalgae (Chlorophyta)
While the green microalgae Ulvella lens is widely used in the larval settlement and
early juvenile stages of abalone growth in many aquaculture systems (Daume et al.
2007), the use of green macroalgae in the later grow-out stages of abalone cultivation
has been limited. Several studies have investigated the potential of using Ulva as an
abalone feed, however the range of species within this genus and the variability of
nutritional profiles within species have led to mixed results. Wild-harvested Ulva has
not been considered suitable in farmed abalone systems in certain areas, in part due to
its low protein content. The wild U. lactuca, for example, has a protein content ranging
from approximately 3.7–19.9 %, depending on where and when it is grown
(Robertson-Andersson 2004, Naidoo et al. 2006), but Ulva can also have up to 40 %
protein (Shpigel 1999). Ulva spp. have a lower availability and reliability of biomass
which is opportunistically related to nutrient rich conditions, compared to brown
macroalgae which is more perennial in nature. The effectiveness of Ulva as a feed
varies widely depending on growth conditions, as well as the abalone species to which
it is being fed (Boarder and Shpigel 2001). Mai et al. (1996) found that wild U. lactuca
was a reasonably good diet for H. tuberculata, while on the other hand it was the least
well performing of five diets for H. discus hannai. Another study showed that abalone
fed a certain species of wild Ulva had significantly shorter shell lengths than those fed
other single species macroalgae diets, and furthermore, that abalone fed on pure Ulva
diets developed the lowest wet weight/ shell length ratios (Simpson and Cook 1998).
The taste of abalone fed Ulva has been shown to be negatively altered in some systems
(Smit et al. 2007). These findings indicate that the diversity of Ulva species and local
nutritional profiles are not consistent across abalone species, seasons, or localities: a
significant knowledge gap in understanding the potential for Ulva spp. in Australian
abalone diets.
Several species of Ulva produced good growth rates in abalone. Simpson and
Cook (1998) found that H. midae that were fed Ulva as a proportion of a mixed diet
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exhibited excellent growth rates, suggesting that Ulva provided a component of
essential nutrients not found in the other algae. Similarly, U. australis was shown to
increase the growth and development when included in the diets of H. rubra and H.
laevigata (Dunstan et al. 1994). Furthermore, H. discus hannai grew significantly
faster on U. rigida than on other macroalgae diets (Corazani and Illanes 1998). Despite
some associated issues, the recent development of integrated abalone macroalgae
systems in South Africa, where Ulva spp. are used as a supplement to the feed as well
as used for bioremediation of abalone waste (Robertson-Andersson 2004), warrants
further study in Australia (Butterworth 2010).
There has been limited research into the utilisation of Chlorophyta within the
Australian abalone industry, and the finding of nutritional value for abalone have not
been consistent. Considering the existence of commercially operational Ulva-abalone
integrated multi-trophic aquaculture (IMTA) farms elsewhere (n.b. South Africa), an
apparent diversity of Ulva species, and evidence of the benefits to growth and
condition of abalone fed at least a part Ulva diet, it is evident that Ulva species warrant
further investigation for inclusion in commercially farmed abalone diets.

Mixed macroalgae
It is widely accepted that mixed algal diets are better for abalone growth than
monospecific ones (Fitzgerald 2008). Growth is consistently improved when abalone
are fed a combination of different algae compared to those fed a single species
(Maesako et al. 1984, Owen et al. 1984, Day and Fleming 1992, Stuart and Brown
1994, Fleming 1995b, Neori et al 1998, Simpson and Cook 1998, Gordon et al. 2006,
Naidoo et al. 2006, Daume et al. 2007, Qi et al. 2010, Vierra et al. 2011). A diet
containing a variety of algae is better able to meet the preferences and nutritional
requirements of cultured abalone over extended periods of time than a single species
diet (Duncan and Klekowski 1975, Day and Fleming 1992, Stuart and Brown 1994).
Simpson and Cook (1998) note the importance of providing different algae separately,
in rotational mixed diets, as the abalone will tend to only eat the preferred algal species
in a mixed diet.
The diverse nutritional value of mixed algal diets provides a good balance of
nutrients for abalone. Individually, most species of marine algae have a low protein
composition (generally less than 20 % of dry weight), which is assumed to be
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inadequate to fulfil the protein requirements of faster growing, commercially produced
abalone (Fleming et al. 1996, Johnston et al. 2005). However, Viera et al. (2005) found
that the growth rates of H. tuberculata were more likely affected by the specific amino
acid composition within the macroalgae rather than the total protein content. Optimum
growth can be achieved through the delivery of feed that has a proper balance of
nutrients (Smith 1989, Gomez-Montes et al. 2003), further evidence that mixed
macroalgae feeds are suitable for use in abalone culture.

Nutritionally enhanced macroalgae
Many species of macroalgae lack the dietary requirements as an exclusive food source
for abalone that can provide for fast growth rates, particularly with regard to protein
content. Macroalgae that have been nutritionally (specifically, protein) enhanced have
been developed, through the use of either fertilisers or effluent from aquaculture
systems. These enhanced nutritional properties are desirable for abalone growth and
development. Macroalgae grown in abalone and fish effluent, for example, have
considerably higher nitrogen (protein) content than beach cast macroalgae (RobertsonAndersson 2004).
Nutrient-enriched red algae have already shown positive results in abalone
feeding trials. For example, H. discus hannai (between 25 and 50 mm) have been
shown to grow at 94.8 to 140.5 µm per day when fed nutrient-enhanced Palmaria
mollis (a red macroalgae; Demetropoulos and Langdon 2004b), as compared to a rate
of 50 to 138 µm per day when fed formulated feed (Fleming et al. 1996). In a separate
study on H. rufescens, the protein content of P. mollis was increased by manipulating
the water exchange rate during culture (protein content: 10.85–18.22 % dry wt.) and it
produced faster growth rates than the brown kelp species Nereocystis luetkeana (Rosen
et al. 2000).
Protein enriched Ulva has also been shown to improve abalone growth rates
and condition. Nutrient enriched Ulva spp. from IMTA systems have been used to
improve abalone growth in H. tuberculata (Neori et al. 1998, Shpigel et al. 1999,
Vierra et al. 2011), H. midae (Naidoo et al. 2006) and H. discus hannai (Shpigel et al.
1999). In Australian H. roei juveniles, a diet of nutrient enriched U. rigida achieved
comparable growth rates to abalone fed formulated feeds (Boarder and Shpigel 2001),
but there was no significant effect on the growth rate of H. laevigata (Taylor and
12

Tsvetnenko 2004). These nutrient enhancement trials provide support for IMTA
systems, which link bio-filtration and abalone culture (Robertson-Andersson et al.
2008).

Growth of abalone fed commercially formulated feed versus macroalgae
Many academic studies, as well as industry research around the world, have
demonstrated the suitability of macroalgae as the main food source in abalone
cultivation systems (Evans and Langdon 2000, Troell et al. 2006). Both Australian and
international studies have indicated that macroalgae feeds can deliver equal or superior
abalone growth rates compared to selected formulated feeds (Mai et al. 1994, 1995,
1996, Rosen et al. 2000, Demetropoulos and Langdon 2004a, Naidoo et al. 2006,
Mulvaney et al. 2013), and that growth rate is consistently accelerated in abalone fed a
combination of different algae compared to those fed a single species (Owen et al.
1984, Day and Fleming 1992, Stuart and Brown 1994, Fleming 1995b, Simpson and
Cook 1998, Gordon et al. 2006, Qi et al. 2010). This research, however, has largely
focused upon feeding trials of abalone species from South Africa (Simpson and Cook
1998, Naidoo et al. 2006), Asia (Maesako et al. 1984, Uki et al. 1986, Mercer et al.
1993, Mai et al. 1994, 1995, 1996, Capinpin and Corre 1996, Shpigel 1999, Qi et al.
2010), Europe (Neori et al. 1998) and North America (Rosen et al. 2000,
Demetropoulos and Langdon 2004a). The results of these feeding trials have been
highly variable across abalone species, feed formulations, macroalgae species
combinations, experimental design, and outcomes. Despite the indication that mixed
macroalgae diets can provide for good growth rates in Australian species of abalone
(Fleming 1995b, Daume et al. 2007, Mulvaney et al. 2013, Bansemer et al. 2014,
2016) the commercial uptake of these feeds has been limited. Directly comparable
long term trials of mixed algal and formulated diets on mature abalone are rare, and
there is a need to establish the potential for macroalgae feeds in the Australian offshore
context, for the commonly cultivated species and hybrids.
There is a renewed interest in developing abalone feeds that include the natural
diet of macroalgae for health and improved growth rates (Daume et al. 2007, Strain et
al. 2007), as well as for sustainable, integrated and adaptive farming systems (both sea
and land based) that have both economic benefits through farm efficiencies and
environmental benefits. Feeding live macroalgae enhances the health, feeding activity,
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and marketability of abalone (Bansemer et al. 2014). Macroalgae contain bioactive
compounds that can be beneficial to abalone during periods of abiotic and biotic stress
(Chojnacka et al. 2012). Abalone fed macroalgae feeds are considered more like wild
caught abalone and so can command a higher market price (Ocean Grown 2013). In
current offshore cage grow-out systems regular feeding is more difficult to deliver,
waste is cumbersome to clear out regularly enough, and feed is leached and lost
quickly to the turbulent environment. As such, existing artificial diets are not well
suited to these systems. Alternative abalone feed sources that may reduce costs are
important to identify, and macroalgae cultivation has not been considered seriously in
Australia for this purpose until recently. Macroalgae could reduce the reliance of feed
sourced from valuable land crops, and provide for improved amino acid and fatty acid
profiles and other nutritional requirements for improved growth and health of abalone
in cultivation. There are strong indications in the published literature that there is great
potential for macroalgae as a key nutritional component in feed for Australian abalone
aquaculture.

Abalone Feeding Regime and Human Health
Fish, shellfish, and other marine seafood, including abalone, are a good source of
omega-3 long-chain n-3 polyunsaturated fatty acids (n-3 PUFA or omega-3; Nichols et
al. 1998, Sinclair et al. 1998, Su et al. 2006). While abalone have lower omega-3 levels
(94 mg per 100 g) than oily fish (Atlantic Salmon: 2000 mg per 100 g), these lipids
have been shown to have many health benefits in humans (Su et al. 2006), including a
lowered risk of coronary heart diseases (Erkkila et al. 2003, Lemaitre et al. 2003,
Breslow 2006), lower blood pressure (Rasmussen et al. 2006), lower plasma
triacylglycerol levels (Chan et al. 2003, Dallongeville et al. 2003), improved
inflammatory conditions, reduced symptoms of diabetes (James and Cleland 1996,
James et al. 2000, Pischon et al. 2003), reduced risk of certain cancers (Kimura et al.
2007), Alzheimer’s disease, depression and schizophrenia (Morris et al. 2005, Su et al.
2008), and improvements in a range of other disorders (Nichols et al. 2002).
Several studies have demonstrated that the diet of abalone can directly affect
the nutritional value of abalone as a food product, with particular regard to their lipid
and n-3 PUFA profiles (Nelson et al. 2002, Su et al. 2004, 2006, Mateos et al. 2010,
2012). These lipids are produced by algae, and in the wild, the lipid content and profile
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varies across species and seasons (Mateos et al., 2010). Currently, formulated feeds
have high lipid concentrations as they are manufactured with high levels of fish oil and
vegetable oils in order to improve the lipid profiles of abalone tissue (Uki et al. 1986,
Durazo-Beltran et al. 2003, Wei et al. 2004, Bautista-Teruel et al. 2011, Mateos et al.
2012). However, cultivated abalone have up to 3 times lower concentrations of n-3
PUFAs than wild abalone (Dunstan 1996, Su et al. 2004), in part due to the limited
availability of n-3 PUFAs in formulated feeds. This suggests that macroalgae diets,
supplementing or in place of formulated feeds, in abalone culture could provide for
higher n-3 PUFA levels in the abalone.
In nature, abalone can potentially access a range of macroalgae depending on
their geographical location and seasonality (Johns et al. 1979, Nelson et al. 2002).
While macroalgae vary significantly in their nutrient profiles (Lourenço et al. 2002),
they generally have low lipid contents (Olley and Thrower 1977). However, abalone
are adapted to these natural diets and are able to easily convert lipids for fat storage.
Biochemical analyses of abalone fed a variety of diets showed that their lipid content
reflects their dietary lipid intake, as well as the bioavailability of these lipids (Mercer
et al. 1993, Nelson et al. 2002). Furthermore, abalone on diets containing high levels
of lipids increase the accumulation of lipids, along with their growth rates (Viana et al.
1993, Dunstan 1996). An American kelp, Egregia menziesii, which contains high
levels of PUFAs (Nelson 1999), produced good growth rates when it was fed to the
green abalone, H. fulgens (Nelson et al. 2002). This macroalgae species has since been
developed and produced for commercial aquaculture (Leighton and Peterson 1998).
Mai et al. (1996) found that both n-3 and n-6 PUFAs found in algae were important for
the growth of both the Japanese and European abalone, H. discus hannai and H.
tuberculata; however, abalone growth enhancement appeared to depend largely on n-3
PUFA. The diets of cultured abalone may therefore be manipulated using algal
supplements to improve their fatty acid profiles (Su et al. 2004) and hence increase the
health benefit of abalone consumption to humans. The correlation between particular
Australian macroalgae species and lipid uptake in abalone is yet to be determined. The
selection of macroalgae with higher or more functional lipid contents could further
enhance the n-3 PUFA concentration of abalone. Macroalgae could also be cultured
with enhanced lipid composition for abalone diets by optimising growing conditions
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(McCauley et al. in press) and regulating CO2 and nitrogen supply (Gordillo et al.
2001). These could then be used in abalone diets to further improve their lipid profiles.
The lipid profiles of abalone have been linked to seasonal variations and
temperature fluctuations (Dunstan 1999, Nelson et al. 2002, Su et al. 2006, Mateos et
al. 2010). Su et al. (2006) and Mateos et al. (2010) found that the total lipid contents of
farmed hybrid abalone (H. rubra x H. laevigata) were significantly higher in summer,
when abalone feeding activity is higher. This was linked to elevated growth over
summer, increased gonad maturation during winter and the transfer of energy during
the reproductive cycle. These results should be taken into account when providing feed
for abalone to be harvested for consumption to improve human health benefits.
Under the current Food Standards Australia New Zealand (FSANZ) guidelines,
nutritional claims that abalone currently farmed in Australia are a ‘good source’ of n-3
PUFAs are misleading as the concentration is too low for human benefit (Su et al.
2006, Mateos et al. 2010). The lipid levels may be increased in abalone fed or
supplemented with a macroalgae diet. The increased health benefit for humans from
abalone fed macroalgae, as opposed to abalone fed formulated feeds, should be
considered a highly marketable factor, as it provides evidence of a better
environmental and nutritional system.

Summary
This thesis aims to study the potential to further develop offshore abalone culture and
utilise macroalgae as an abalone feed in Australia. Several logistical problems need to
be overcome in order to effectively cultivate abalone offshore, however technologies
are continually evolving across a range of industries. One of the major logistical
concerns is the accessibility of an offshore culture system for maintenance and feeding.
In offshore abalone culture, the limitations in accessibility can be reduced through the
use of macroalgae feeds that remain functional for longer periods of time than
formulated feeds. Macroalgae diets have been shown to provide good growth and
nutritional value for abalone, as they naturally consume macroalgae in the wild.
Abalone fed macroalgae diets also have enhanced human nutritional value on account
of their high levels of omega-3 compared to abalone fed formulated feeds. This needs
further research, and to be developed into a marketing tool that the abalone industry
can utilise. The use of macroalgae in abalone culture is currently limited in Australia
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because of the lack of supply, however there is a growing interest in culturing endemic
Australian macroalgae. The development of offshore abalone aquaculture and
macroalgae feeds within Australia could provide more sustainable industries with both
social and environmental advantages.

Objectives of Current Study


To evaluate the long term growth and production performance of mature
abalone cultured in offshore aquaculture cages compared to onshore
aquaculture cages, as well as those in an existing flow through farm system.



To quantify the long term growth and production performance of mature
abalone fed different combinations of both macroalgae and formulated feed
diets.



To determine if the use of macroalgae, in combination with or instead of
current commercial formulated feeds, could improve the LC n-3 PUFA profile
of abalone meat without detriment to the growth and performance of the
abalone.



To investigate the relationship between the lipid profiles of three phyla of
Australian macroalgae and corresponding lipid profiles in abalone in an
aquaculture setting over 12 months of feeding and grow-out.



To test the profitability of offshore systems using formulated feeds or
macroalgae feeds compared to a land based raceway system in Port Phillip
Bay, Victoria.
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Chapter 1: Growth performance responses of abalone
fed different seaweed and formulated feeds in an
offshore culture system

Abstract
The culture of abalone is a growing industry in Australia that primarily relies on high
value coastal land for production systems and terrestrial ingredients for compounded
aquafeeds. The development of offshore abalone farming for part of the abalone growout cycle, and associated seaweed culture for feed, is of interest to expand abalone
production. Currently, little is known of the comparative performance of these two
distinct production systems. Abalone culture trials were undertaken over a one year
period in two different systems: offshore cages suspended from a long line at sea, and
onshore cages suspended in an earthen effluent pond at an abalone farm. The growth
rates of the abalone in each culture system were compared to those of abalone from a
conventional (commercial) abalone farm raceway. Hybrid abalone, Haliotis laevigata
x H. rubra, were fed different diets of seaweed (red, green, and brown seaweeds) and
formulated feeds. Abalone growth rates in both systems were comparable during the
summer months but were much slower offshore during the autumn and winter seasons.
The abalone in the onshore system had higher mortality despite overall faster growth
rates than those in the offshore system, and therefore abalone biomass yields across
both systems were comparable. However with reduced mortality onshore the faster
winter growth would have provided much higher yields than offshore systems.
Abalone fed formulated feed and/or a combination of formulated feed and Ulva grew
fastest in both onshore and offshore systems. Abalone fed red seaweeds grew faster
than those fed only brown seaweeds and during most seasons was higher than for
green seaweeds. This study highlights the benefits of incorporating seaweed with
formulated feeding regime into abalone diets to support the expansion of abalone
farms offshore.
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Introduction
Abalone are a high value seafood, widely farmed across the world (Qi et al. 2010) at a
production rate of 103,464 metric tonnes per year (Cook 2014). The abalone species
that is farmed differs according to the biogeographic species distribution and/or the
climate in each region. Similarly, abalone culture systems and feeding regimes (feed
type, frequency, and timing) differ across global commercial abalone farms. In many
regions, seaweeds are grown or harvested to be used as feed for farmed abalone
(Kirkendale et al. 2010). The seaweed species in these diets reflect species-specific
dietary preferences, seaweed biogeography, and seasonal availability. In some regions,
farmers do not have the capacity to harvest wild seaweeds and therefore rely on more
easily acquired formulated pellet feeds. Such regional feed practice patterns dictate the
potential for different seaweed or artificial feeding regimes, as well as types of culture
systems for local aquaculture.
For obvious economic reasons, it is important that commercially produced
abalone reach a marketable size within the shortest possible time, without
compromising the health and quality of the abalone. Currently, the commercial cycle
of farmed abalone, from seed to market size (approx. 80 g), is about 4 years (Troell et
al. 2006), depending on the targeted market and species. The relatively slow growth
rates of abalone, as well as high feed and cleaning costs, necessitate the development
of improved culture systems and feed efficiency for the grow-out stage to improve the
economic viability of abalone farming. The utilisation of an offshore system for final
grow-out is of interest to the abalone industry for both environmental and economic
sustainability; however, there are few studies that analyse the production and
operational differences of offshore culture systems (see Fleming and Roberts 2001,
Nobre et al. 2010).
Abalone aquaculture is a growing industry in south-eastern Australia. In the
state of Victoria, production and value has generally increased each year since farming
commenced, and currently represents about 30 % of the total Australian abalone
production (O'Sullivan and Savage 2012). In 2009/10, the Victorian abalone
aquaculture industry produced 260 tonne of mostly hybrid abalone (Haliotis laevigata
x H. rubra), valued at A$8.58 million (O'Sullivan and Savage 2012). The Australian
abalone culture industry is predominantly land-based, and uses mainly formulated and
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compounded aquafeeds that contribute a large proportion to running costs (Vandepeer
et al. 2002). Abalone are farmed onshore in flow-through tanks or raceways, which
require large amounts of well aerated water and have high energy and labour costs.
However, opportunities to expand onshore abalone farming are limited due to the high
cost of coastal land near transport facilities. Development of offshore abalone farming,
and associated seaweed culture for feeding abalone, has the potential to substantially
increase the scale and/or reduce the capital costs of abalone production and increase its
environmental sustainability.
The development of artificial feed for abalone has been extensively researched,
and manufactured diets are now widely used in land-based abalone farms (FitzGerald
2008, Fleming et al. 1996, Sales and Britz 2001, Vandepeer and van Barneveld 2005).
However, these standard land-based feed formulations are not readily adaptable to
offshore systems, as feed products and feeding regimes in offshore systems require
certain characteristics. Many of the large-scale abalone-producing nations
internationally use seaweed diets in offshore culture systems (Fermin and Mae Buen
2002, Neori 2008, Zhang et al. 2010). A recent review on the use and production of
seaweed and manufactured feed as diets for offshore abalone culture in Victoria
indicated that that there are valid options for feeding abalone with selected endemic
seaweeds (Kirkendale et al. 2010). Thus, endemic seaweeds, especially those species
that can be readily cultivated, may provide an alternative food source to the current
land-based formulated feeds. In addition, recent research at a Tasmanian land-based
farm demonstrated up to three fold increases in growth rates of juvenile abalone
weaned onto seaweed diets compared to artificial feeds (Mulvaney et al. 2013).
Concurrently, there is on-going development of artificial diets for feeding abalone in
offshore cages, as it has been reported that artificial feeds developed for land-based
production are not robust enough for offshore culture systems conditions (J. Scanlon
pers. comm.).
This study aims to evaluate the growth and production performance of mature
abalone cultured in offshore aquaculture cages compared to onshore aquaculture cages,
as well as those in an existing flow through farm system. Furthermore, we quantify
these measures across abalone fed different combinations of both seaweed and
formulate feed diets. This will be the first study of its kind to compare the long-term
growth performance of mature abalone across both culture system and dietary regime.
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Methods
Animals and experimental systems
The 1440 hybrid abalone (Haliotis laevigata x H. rubra) used in these trials were
obtained from Great Southern Waters Pty Ltd. (GSW) in Indented Head, Victoria. All
animals used in the trials were from the same cohort of stock and grown out under the
same conditions to an average size of 62 mm. Abalone were individually tagged for
identification purposes with glue-on shellfish tags (Hallprint Pty Ltd, Hindmash Valley,
S.A.), and randomly assigned to different onshore and offshore culture systems. The
trial ran from November 2011 to December 2012.
Oyster mesh cages were sourced from Aquapurse (Tooltech Pty Ltd, Brisbane).
The two different systems were composed of an offshore and an onshore cage facility:
(a)

Offshore cages: 42 cages were suspended 2 m below the water surface

from a long line at sea. The long line was located on a commercial mussel farm in Port
Phillip Bay at Mornington, Victoria (-38.267958 S, 144.982340 E). Six replicate cages
for each of seven offshore dietary treatments were used (Table 1.1).
(b)

Onshore cages: 24 cages were suspended 1 m below the water surface

off a pontoon, located in an earthen effluent pond at GSW in Indented Head, Victoria
(-38.148859 S, 144.715801 E). Six replicate cages for each of four onshore dietary
treatments were used (Table 1.1).
Twenty tagged abalone (initial mean weight ~ 38 g) were placed into each cage
in both the offshore and onshore systems. The initial stocking density was equal to 109
abalone per m2 shelter surface area (SSA). Simultaneously, a total of 120 tagged
abalone were placed in a conventional raceway slab tank at GSW, amongst other
abalone, and kept under normal commercial conditions. These were measured at the
same time points as the abalone in the experimental systems, to provide a commercial
farm comparison as a reference treatment.
Water quality parameters were measured throughout the trial (HOBO UX90
Series Loggers; Table 2). Temperature, pH, dissolved oxygen (DO) and salinity were
all logged hourly. Ammonia (TAN) was measured once every month using a mass
spectrometer in accordance with normal farm monitoring.
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Experimental dietary treatments
In the offshore system, six of the seven diets comprised of different combinations of
seaweeds (R, P, RU, PU, PR, offU; see Table 1.1 for composition) and one diet
(offAU) was a mix of green seaweed (Ulva) and commercial formulated biscuit feed
(Aquafeeds Australia, Mount Barker, S.A.). The majority of the seaweed fed to the
abalone in offshore cages was hand collected from beaches in the area surrounding
Queenscliff, Victoria (-38.268738 S, 144.664240 E). Red seaweeds (Rhodophyta)
comprised mainly Gracilaria, Asparagopsis, Hynea ramentacea, Plocamium
preissianum; brown seaweeds (Phaeophyta) were predominately Ecklonia radiata; and
green seaweeds (Chlorophyta) were exclusively Ulva spp. For the offAU treatment,
abalone were fed alternately Ulva for two weeks then formulated biscuit feed for two
weeks until the end of the trial period. Combination diets were supplied on a 1:1 ratio
in relation to the seaweed or pellet dry weight. Abalone in offshore cages were fed
every two weeks.
Due to biosecurity reasons, only Ulva collected on-site at GSW was used in the
onshore trial. Consequently, red or brown dietary treatments were excluded, and only
the four dietary treatments that contained Ulva and/or formulated feeds were used in
the onshore system (Table 1.1). The two formulated feed treatments, one pellet form
and one biscuit form, were supplied by Aquafeeds Australia, and their composition is
commercial in confidence (AA, Mount Barker, S.A.). These formulated feeds were
specially designed for offshore culture so as not to degrade as quickly in water,
although the biscuit feed was more stable in water than the pellet feed. Abalone in
onshore cages were fed biweekly or weekly (see Table 1.1).
All diets were supplied at a dry weight equivalent of 2 % of total wet body
weight per day and adjusted with mortality in each cage. Feed was available to abalone
at all times at all sites to ensure satiation. Degraded uneaten food for all treatments was
removed from cages to reduce fouling.
Abalone in the raceway control were fed daily with a formulated feed suitable
to land-based systems (composition is commercial in confidence; Skretting Australia,
Cambridge, Tasmania), under normal land-raceway farm management practices.
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Table 1.1. Names and compositions of dietary treatments, including their source,
and the location of abalone fed each diet.
Location

Diet

Composition

Source

Feeding Rate

Offshore

R

Rhodophyta

Beach cast

Fortnightly

P

Phaeophyta

Beach cast

Fortnightly

PR

Phaeophyta + Rhodophyta

Beach cast

Fortnightly

RU

Rhodophyta + Ulva

Beach cast

Fortnightly

PU

Phaeophyta + Ulva

Beach cast

Fortnightly

offU

Ulva

Beach cast & cultured

Fortnightly

offAU

Ulva,

Beach cast & cultured,

Fortnightly,

Formulated Feed A

AA*

alternating

onU

Ulva

Outflow

Weekly

onAU

Ulva,

Outflow,

Weekly,

Formulated Feed A

AA*

alternating

FormA

Formulated Feed A

AA*

Biweekly

FormB

Formulated Feed B

AA*

Biweekly

Onshore

*AA = Aquafeeds Australia (Mount Barker, S.A.)

Performance parameters
Survival was monitored throughout the entire trial period. Length measurements were
recorded every two months during the trial. Abalone were weighed at the beginning
and end of the trial only. Specific growth rate (SGR) was determined as the percentage
of growth per day, for both length and weight, using the following formulas:
SGRL % day-1 = (ln (L2) - ln (L1)) / (t2-t1) × 100
SGRw % day-1 = (ln (W2) - ln (W1)) / (t2-t1) × 100
where:

tn

=

time in days.

Ln

=

length at time n

Wn

=

weight at time n

At the completion of the trial, three abalone from each cage were shucked and
the dry muscle and shell weight were measured. The growth performance of the
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abalone was determined as the wet weight muscle to shell (M:S) ratio, and body
weight to shell length ratio (BW:SL, g.mm-1; O’Mahoney et al. 2014). This measure is
also used by farmers to grade abalone by length.

Proximate analyses
Samples of three initial cohort animals and three of the final animals from each cage
were collected, frozen, and stored at -20 °C until subsequent analysis for proximate
composition (see below). Seaweed diets were collected every 3 months to examine
seasonal changes in proximate composition.
The chemical compositions of samples were determined via proximate
composition analysis according to standard procedures, routinely implemented at
Deakin University Fish Nutrition Laboratories (see Francis et al. 2007). Briefly, the
moisture content was determined by drying samples in an oven at 80 °C to constant
weight. Protein content was determined (Kjeldahl nitrogen; N×6.25) in an automated
Kjeltech (Model 2300, Tecator, Höganäs, Sweden). Total lipid content was determined
gravimetrically after total lipid extraction by chloroform/methanol (2/1 v/v) according
to Folch et al. (1957). Ash content was determined by the incineration of the sample in
a muffle furnace (Model WIT, C & L Tetlow, Blackburn, Victoria, Australia) at
550 °C for 18 h.

Statistics
Analysis of variance and comparisons of means were performed using JMP (version
12.1.0) and SAS software for survival, growth rates, growth performance and
proximate composition values. Heterogeneity of variance was visualized using box
plots and normal distribution was confirmed a priori. Tukey’s HSD (p > 0.05)
analyses of the abalone growth were used a posteriori to determine which dietary
treatments differed for all of the parameters. Figures were made using the package
'ggplot2' (Wickham 2009) in R (version 3.2.3; R Core Team 2015).

Results
Water quality
At the offshore site, water temperature ranged between 11.1 °C and 23.0 °C over the
12 month trial (Table 1.2), and the diurnal temperature fluctuation was low. Ammonia
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levels remained low, dissolved oxygen remained high and pH remained stable (Table
1.2). Temperatures at the onshore site significantly fluctuated diurnally and reached
higher maximums and lower minimums than at the offshore site. During the summer
months, the abalone at the onshore site experienced high ammonia concentrations
(maximum 0.16 mg.L-1) and low dissolved oxygen (minimum 61.7 % sat.; Table 1.2).

Table 1.2. Water quality parameters measured at each of the study sites between
November 2011 and December 2012.
Parameter

Offshore (Mornington)

Onshore effluent pond

Raceway Control

(GSW)

(GSW)

Temperature (C)
Summer

17.1 - 22.2 (19.4 ± 1.9)

16.9 - 24.0 (20.3 ± 1.6)

16.9 - 24.3 (20.3 ± 1.8)

Autumn

15.3 - 23.0 (19.7 ± 2.3)

14.0 - 22.4 (18.9 ± 2.3)

14.1 - 23.7 (19.1 ± 1.8)

Winter

11.3 - 15.4 (12.7 ± 1.3)

9.6 - 14.6 (12.3 ± 1.5)

10.1 - 15.0 (12.0 ± 1.3)

Spring

11.1 - 17.1 (13.5 ± 2.1)

10.3 - 18.1 (13.8 ± 1.9)

10.4 - 18.0 (13.6 ± 1.8)

pH

7.9 - 8.1 (8.0)

7.8 - 8.3 (8.0)

8.1 - 8.5 (8.2)

DO (% saturation)

95 - 102 (98)

62 - 103 (86)

96 - 101 (99)

0.003 - 0.01 (0.005)

0.01 - 0.16 (0.07)

0.01 - 0.04 (0.02)

-

0.07 - 0.10 (0.08)

0.04 - 0.07 (0.05)

TAN (mg.L-1)
Phosphorus (mg.L-1)

Values represent range, with mean and standard deviation (for temperature) in brackets.

Diets
The proximate composition of the dietary treatments varied between seaweeds and
formulated feeds (Table 1.3). Of the seaweed diets, those containing Phaeophyta had
the lowest moisture content and highest carbohydrate (NFE) content, while diets
containing Rhodophyta had the highest levels of ash. The Ulva used in both the
offshore and the onshore trial contained the highest protein and lipid levels of all
seaweeds, but both were higher in the Ulva sourced from the outflow drains at the
onshore site (Table 1.3). The protein and lipid levels peaked in autumn and winter for
most of the species (Table 1.3). The proximate composition of the formulated feeds
remained constant throughout the trial (Table 1.3).
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Table 1.3. Seasonal proximate composition of diet treatments fed to abalone over
a 12 month trial in both onshore and offshore culture systems.
Offshore
Diet

R

P

Onshore
PU

PR

RU

offU

offAU onU

onAU FormA FormB

Moisture (%)
Summer 81.8 71.5 73.9 76.7 79.0

76.2

41.2 88.5

47.4

6.3

6.6

Autumn

72.9 73.3 80.8 73.1 80.6

88.3

47.3 88.1

47.2

6.3

6.6

Winter

72.6 69.6 78.0 71.1 79.5

86.4

46.3 88.2

47.2

6.3

6.6

Spring

75.4 63.0 73.8 69.2 80.0

84.5

45.4 77.8

42.0

6.3

6.6

Summer 31.4 21.4 21.4 26.4 26.4

21.5

16.7 30.6

21.2

11.9

8.7

Autumn

23.3 25.5 25.9 24.4 24.8

26.2

19.1 23.2

17.5

11.9

8.7

Winter

26.7 17.8 22.5 22.3 27.0

27.3

19.6 24.1

18.0

11.9

8.7

Spring

27.5 19.9 21.5 23.7 25.3

23.2

17.5 23.4

17.7

11.9

8.7

8.6

7.8

22.3 21.0

28.9

36.9

33.7

Ash (mg.g-1 dw)

Protein (mg.g-1 dw)
Summer

9.4

5.5

6.6

7.4

Autumn

13.9

6.5 13.1 10.2 16.8

19.7

28.3 30.4

33.7

36.9

33.7

Winter

16.6

4.0 13.4 10.3 19.7

22.8

29.8 25.5

31.2

36.9

33.7

Spring

14.4

4.9

8.5

9.6 13.2

12.1

24.5

9.8

23.3

36.9

33.7

Summer

2.3

2.0

2.1

2.2

2.3

2.2

3.5

5.3

5.1

4.8

4.2

Autumn

5.5

2.7

3.2

4.1

4.6

3.7

4.2

4.4

4.6

4.8

4.2

Winter

2.1

1.7

2.4

1.9

2.6

3.1

3.9

4.7

4.8

4.8

4.2

Spring

1.9

2.2

2.1

2.0

2.0

2.0

3.4

2.7

3.8

4.8

4.2

Summer 57.0 71.1 69.8 64.0 62.7

68.5

57.5 43.1

44.7

46.4

53.5

Autumn

57.4 65.2 57.8 61.3 53.9

50.4

48.4 42.0

44.2

46.4

53.5

Winter

54.6 76.5 61.7 65.6 50.7

46.9

46.7 45.6

46.0

46.4

53.5

Spring

56.2 73.1 67.9 64.6 59.5

62.7

54.6 64.1

55.3

46.4

53.5

Lipid (mg.g-1 dw)

-1

NFE* (mg.g dw)

* NFE = Nitrogen Free Extract: carbohydrates, sugars and starch. The compositions of diet
treatments are detailed in Table 1.1.
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Survival
Overall, survival in offshore cages (range 80 - 92.5 %, mean 84.4 %) was substantially
higher than in the onshore pond cages (range 37.5 - 48.7 %, mean 43.8 %) for all
treatments (Fig 1.1). However the commercial raceways had reported higher survival
rates of 95 % (GSW comment). There was no significant difference in survival
between diet treatments at the offshore site (F42,5 = 1.75, p = 0.17), and mortality
increased slightly toward the end of the trial, potentially linked to increased density or
cage fouling, but the causes were not tested (Fig 1.1). Similarly, there was no
significant difference in survival between diet treatments at the onshore site
(F24,5 = 0.91, p = 0.45). The high mortality of the abalone in the onshore system
reduced the density of animals per cage from the initial 109 abalone per square metre
(4.1kg m-2) to a minimum of 42.5 abalone per square metre (3.9kg m-2), compared to a
minimum of 87.2 abalone per square metre (4.0kg m-2) in at the offshore sites, over the
full time period.

Figure 1.1. Percentage survival of abalone (mean ± SE, n = 6) over a 12 month
feeding trial at two locations under 11 dietary regimes. Dashed lines represent
onshore sites and solid lines represent offshore sites. The compositions of diet
treatments are detailed in Table 1.1.
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Offshore vs onshore trial sites
There was a steady decline in growth rates over the one year trial (Fig 1.2); a known
trait of abalone production as the animals increase in size (Kirkendale et al. 2010).
Abalone in the offshore system initially had comparable growth rates of 0.15 % day-1
during summer. Rates slowed over the winter months to as low as 0.01 % day-1 before
increasing again in the spring (Fig 1.2). The abalone maintained higher growth rates in
the onshore system during autumn and winter. Overall, from an initial average size of
62 mm, abalone at the offshore site reached an average of 72 mm, compared to an
average of 84 mm at the onshore site and in the raceway control system. The overall
yields, however, taking mortality and growth into consideration, were comparable
across both trial systems (Fig 1.3).

Figure 1.2. Specific growth rate of abalone length (mean ± SE, n = 6), calculated
over two month intervals, during a 12 month feeding trial at two locations under 11
dietary regimes. Dashed lines represent onshore sites and solid lines represent
offshore sites. The compositions of diet treatments are detailed in Table 1.1.
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Figure 1.3. Yield (kg.cage-1) of total abalone mass (mean ± SE, n = 6) after a 12
month feeding trial at two locations under 11 dietary regimes. Grey bars represent
offshore sites and white bars represent onshore sites. The compositions of diet
treatments are detailed in Table 1.1. Diets sharing the same letter are not significantly
different, tested within culture system location (Tukey’s HSD test, p > 0.05).

Comparisons of growth of the abalone fed the same diet, i.e. either the Ulva
diet (offU/onU) or the combination of formulated feed and Ulva (offAU/onAU), at
each of the two sites demonstrates the significant differences between the offshore and
onshore trial culture systems (F480,119 = 771.7, p < 0.01). By weight, the average SGRw
over the year for the abalone at the offshore site was much lower, at 0.04 % day-1
(onU) and 0.09 % day-1 (onAU) compared to 0.19 % day-1 (offU) and 0.25 % day-1
(offAU) at the onshore site (Fig 1.4). The abalone in the offshore system had
significantly lower BW:SL ratios than those in the onshore system (F24,5 = 341.56,
p < 0.01; Table 1.4). However as indicated above, taking mortality into account
resulted into comparable yields across the pond system and the offshore system.
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Figure 1.4. Specific growth rate of abalone by weight (mean ± SE, n = 120) over a
12 month feeding trial at two locations under 11 dietary regimes. Grey bars
represent offshore sites and white bars represent onshore sites. The compositions of
diet treatments are detailed in Table 1.1. Diets sharing the same letter are not
significantly different, tested within culture system location (Tukey’s HSD test,
p > 0.05).

In terms of the tissue condition, as determined by the proximate composition of
the abalone, there were significant differences between the protein, carbohydrate, and
ash levels of abalone on the same diet across the two trial sites (Table 1.4). Protein
levels were 17- 24 % higher at the onshore site than those offshore (F24,5 = 39.54,
p < 0.01), while the abalone at the offshore site had significantly higher carbohydrate
(F24,5 = 13.69, p < 0.01) and ash levels (F24,5 = 27.80, p < 0.01).
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Table 1.4. Growth performance measures (n = 120) and proximate composition (n = 6) of abalone after 12 months in offshore and onshore
trial culture systems under 11 dietary regimes (mean ± SE).
Offshore
Diet

R

Onshore
P

RU

PU

PR

offU

offAU

F42,5

p

Raceway Control

onU

onAU

FormA

FormB

F24,5

p

Initial

Final

Growth Performance Measures
Initial Weight (g)
Final Weight (g)
M:S Ratio
BW:SL Ratio (g mm-1)

37.49

37.39

38.56

38.46

37.84

40.04

38.55

38.11

37.10

35.99

37.26

38.08

 0.42

 0.39

 0.37

 0.37

 0.44

 0.39

 0.41

 0.50

 0.51

 0.48

 0.45

 0.50

46.30

39.58

46.96

43.97

47.33

44.18

53.20

79.85

97.61

91.81

96.76

-

 0.86

 0.71

 0.77

 0.75

 1.23

 0.69

 1.14

 2.31

 2.29

 2.21

 3.28

0.63ab

0.62b

0.73ab

0.77ab

0.86ab

0.90a

0.78ab

0.86

0.92

0.87

0.84

 0.03

 0.06

 0.07

 0.08

 0.07

 0.08

 0.03

 0.03

 0.03

 0.02

 0.03

0.64b

0.58c

0.62b

0.66ab

0.65b

0.63b

0.70b

0.98B

1.14A

1.09A

1.12A

2.45
11.28

0.03
< 0.01

91.23
 2.03

1.50
17.33

0.22
< 0.01

1.03

1.05

 0.04

 0.09

1.14

1.08

 0.07

 0.02

27.7

29.1

± 0.6

± 0.1

Chemical Composition
Dry Matter
(% ww)
Ash
(mg.g-1dw)
Protein
(mg.g-1dw)
Lipid
(mg.g-1dw)
NFE*
(mg.g-1dw)

24.1a

24.8 a

24.9 a

26.0 a

25.1 a

25.9 a

26.3 a

± 0.4

± 0.2

± 0.2

± 0.7

± 0.4

± 0.7

a

a

a

a

a

a

8.7

8.0

8.2

7.3

7.6

8.7

26 A

27.1 A

26.4 A

26.4 A

± 0.3

± 0.2

± 0.3

± 0.4

± 0.2

a

A

B

AB

A

7.8

± 0.1

± 0.5

± 0.6

± 0.3

± 0.5

± 0.4

± 0.8

70.5abc

67.6bc

82.9a

81.7ab

85.4a

66.0c

65.2bc

± 4.1

± 4.4

± 2.4

± 1.6

± 1.2

± 1.0

ab

abc

bc

bc

abc

a

4.6

4.3

± 0.2

± 0.1

16.2ab
± 4.1

4.1

3.7

± 0.1

± 0.1

20.1a

4.7b

± 4.5

± 2.0

4.3

4.9

2.37
0.91

0.07
0.51

7.4

6.3

6.9

7.2

± 0.2

± 0.2

± 0.2

± 0.1

82.5 A

79.5 A

80.1 A

80.2 A

± 6.8

± 0.8

± 2.2

± 1.8

± 1.8

c

A

B

AB

B

3.7

± 0.1

± 0.3

± 0.0

7.3ab

2.6b

20.4a

23.2a

± 1.9

± 1.4

± 1.3

± 6.4

4.88
5.89
6.63

< 0.01
< 0.01
< 0.01

4.7

4.2

4.6

4.2

± 0.1

± 0.2

± 0.1

± 0.1

5.4 A

10.0 A

8.5 A

8.5 A

± 0.7

± 2.5

± 2.0

± 2.0

2.72
9.10
0.35
5.27
1.14

0.07
< 0.01
0.79
0.01
0.36

6.0

5.7

± 0.3

± 0.0

72.9

65.0

± 1.2

± 2.1

3.9

3.4

± 0.0

± 0.2

17.2

25.9

± 1.5

± 2.3

* NFE = Nitrogen Free Extract: carbohydrates, sugars and starch. Significant p values are italicised. The compositions of diet treatments are detailed in Table 1.1.
Diets sharing the same letter in each row are not significantly different when tested within culture system location (Tukey’s HSD test p > 0.05).
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Seaweed vs formulated feed
At the offshore site, there were significant differences in the specific growth rates of
the abalone across the dietary treatments. Abalone fed a formulated feeds or a
combination of formulated feed and Ulva (offAU) grew significantly faster (mean
SGR 0.09 % day-1) than for the other seaweed treatments for both onshore
(F480,119 = 13.51, p < 0.01) and offshore sites (F840,119 = 26.01, p < 0.01, Fig 4).
However, the abalone fed Ulva (onU) had a significantly higher BW:SL than those in
the other treatments (Table 1.4). This difference did not translate into the wet weight
M:S ratio, for which there was no significant difference between the treatments. The
proximate compositions of the abalone fed either formulated feeds or seaweed at the
onshore site were generally comparable (Table 1.4). However, the abalone fed Ulva
had significantly higher lipid and ash levels than those fed diets containing both Ulva
and formulated feeds (Table 1.4).

Offshore seaweed diets
Comparisons of the growth and yield of the abalone fed various seaweed diets indicate
that those fed Rhodophyta performed well (Fig 1.3 & 1.4). Mixed seaweed treatments
that included Rhodophyta produced significantly higher growth rates than in the
abalone fed single class diets (F42,5 = 26.01, p < 0.01). The treatments that contained
brown seaweed (P) had the slowest growth rates of the abalone (Fig 1.4).
There were significant differences in both BW:SL and wet weight M:S ratio,
between the diet treatments in the offshore trial system (Table 1.4). The high BW:SL
and lower wet weight M:S ratio of the abalone fed brown seaweed only (P) indicates
that they were growing in shell size more than they were gaining muscle weight. In
comparison, the abalone fed Ulva only (offU) had more healthy growth of both the
shell and the muscle tissue.
Protein, carbohydrate, and lipid levels varied across the abalone fed different
seaweed treatments at the offshore site (Table 1.4). Abalone fed red seaweeds had the
highest protein levels, while those fed Ulva had the lowest (Table 1.4). The abalone
with higher protein levels also had lower carbohydrate levels (Table 1.4). The abalone
fed Ulva had a higher lipid content than those fed other types of seaweed (Table 1.4).
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Discussion
The offshore cultivation system was successful and comparable to onshore production
rates during the warmer months of the year, but this growth rate was 6-fold faster than
during winter. During winter onshore system growth rates were twice as high as the
offshore system. Offshore survivorship however was twice as high over the entire trial
period, but the offshore survivorship was comparable to a commercial onshore
raceway system with reported survival rates of at least 95 % (industry comment). The
offshore site provided good yields with specific dietary treatments (i.e. alternating
formulated feed and Ulva) while taking mortality rates into account, so despite slower
growth rates, the reduced ongoing costs could make scaling up the trial offshore
system economically viable. This highlights the importance of maximising abalone
growth without compromising health to reduce mortality in the overall production of a
viable abalone culture system. We attribute the significantly greater biomass gain of
abalone in the raceway control system to a combination of higher growth and survival
compared to both the onshore and offshore trial cages. This system has been developed
over many years and is monitored daily. In comparison, the offshore experimental
systems were designed on a small scale and were monitored less regularly.
Seaweed feeds will be an integral part of offshore systems to reduce the labour
and maintenance, and this study has shown that seaweed feeding regimes can be
equivalent or better than formulated feed results during summer months, but the
generally formulated feeds provide additional nutrition that delivers improved growth.
For both onshore and offshore sites, treatments that included formulated feeds
produced higher growth rates overall than those that received seaweed only. The diet
treatment that alternated Ulva and formulated feed produced a 20 % higher specific
growth rate than any other treatment in the offshore trial system. This treatment also
produced the same growth rates in the abalone as the formulated feed only diet
treatments, indicating that these abalone receive enhanced nutrition from formulated
feeds compared to abalone fed solely seaweed. At the onshore site, the abalone that
were fed formulated feeds had faster growth rates than those fed Ulva, however, they
had lower ash and lipid levels. This indicates that seaweeds may contain
micronutrients that are not present in commercially formulated feeds (Fleming 1995,
Vierra et al. 2005).
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Abalone that were fed diets that contained red seaweeds generally grew better
than those fed other types of seaweed, however this appeared to be seasonal and brown
seaweeds provided the lowest growth rates consistently. This has been attributed to
Phaeophyta having the lowest protein content and high phenolic contents, which has
been supported in other studies (Winter and Estes 1992, Britz 1996). The red and green
seaweeds used in this trial both had higher protein levels than the brown seaweeds and
produced faster growth rates in the abalone. Particularly, the high BW:SL ratio and
low wet weight M:S ratio of the abalone fed only brown seaweed (P) in the offshore
system indicates that the abalone were losing muscle weight and therefore that this diet
was nutritionally deficient.
Controlling for seaweed nutritional profiles across taxa and seasonal effects is
important as the results indicate how variable the nutritional profiles of wild harvested
seaweeds is compared to formulated feeds, and could explain the reason behind red
and green seaweeds performing better during different seasons. Tank controlled
cultivation of seaweed would allow for an improved consistency of feed. Treatment
combinations of seaweeds did not seem to improve growth rates over monospecies
feeds at any time, although the Rhodophyta diet treatment in this trial utilised a greater
mix of species than the Phaeophyta or Ulva diets. Other studies suggest that the
highest nutritional value diet for abalone, producing higher growth rates, is a varied
seaweed diet (e.g. Gordon et al. 2006, Naidoo et al. 2006, Qi et al. 2010, Simpson and
Cook 1998, Viera et al. 2011), however it might be more relevant to consider that
controlling for nutritional variation, including the combination with formulated feeds,
could contribute to overcoming the variability of seaweed nutritional profiles, a highly
important consideration in developing abalone seaweed diets.
Offshore cultivation systems in Australia would require a more tailored feed
formulation than that currently available for land based raceways. The abalone fed
biscuit formulated feed grew fastest compared to other diets, and biscuit feed had a
greater water stability than the pelleted formulated feed.
One of the key issues associated with farming in offshore environments is the
vagaries of climatic extremes. However, this issue is more associated with
maintenance than production. Weather extremes can limit regular access to cages and
also place higher demands on equipment and culture systems that are required to stand
up to harsh conditions. In contrast though, subsurface ocean water variables of
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temperature and oxygen are considerably more stable compared to closed land based
systems, and the higher mortality rates of abalone onshore in this current study may
have been closely related to water quality in the onshore pond trial, where overall
survival was nearly half that observed in the other systems. The onshore culture system
experienced high and variable water temperatures, which is known to affect the growth
of abalone (Britz et al. 1997, Gilroy and Edwards 1998). The optimum temperatures
for growth of blacklip abalone (H. rubra) and greenlip abalone (H. laevigata) are
17.0°C, and 18.3°C, respectively (Gilroy and Edwards 1998), which are much lower
than some we observed in the onshore system during this study (peak of 24°C during
summer). Water temperature above optimal conditions for abalone can result in stress,
leading to increased incidence of disease and death (Braid et al. 2005). The offshore
site maintained lower summer temperatures and had lower diurnal fluctuations;
however, the average differences in temperature between the offshore and onshore
systems during the trial were minimal.
The abalone at the onshore trial site were also exposed to higher ammonia
concentrations and low dissolved oxygen concentrations in the warmer months. This
contributed to the poor survivorship of abalone in this trial and has previously been
found to reduce growth in juvenile greenlip abalone (Harris et al. 1998, Harris et al.
1999). These are all shortfalls in the onshore trial location (i.e. an effluent pond) that
would normally be avoided, but do demonstrate the importance of good water
exchange in culture systems. Water quality is a significant issue for onshore sites that
would be reduced by moving culture systems offshore or bioremediating waste-water.
While it is impossible to control temperature in the offshore environment, given a
favourable site selection, the water quality should be maintained naturally; in onshore
systems there has to be strong management of these parameters, which is a cost burden.
A significant reduction in density, caused by the high mortality rate at the
onshore site, may have confounded the growth responses when compared to the
offshore system. Abalone reared in cages at low densities (75 abalone m-2 SSA) have
been shown to grow significantly faster than those grown at higher densities (227
abalone m-2 SSA; Fermin and Mae Buen 2002). Abalone in both the experimental
systems were originally stocked at relatively low densities (109 abalone m-2 SSA).
However, as the trial continued the high levels of mortality in the onshore system
meant that the density was greatly reduced (43 abalone m-2 SSA) which after growth
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that was 2 fold equates to densities offshore of 4.0 kg m-2 and onshore of 3.9 kg m-2.
This could account for, in part, the higher growth rates seen onshore versus offshore.
Taking into account the differences in mortality and growth rates, the overall yield per
cage at each site were comparable. Animal density is a consideration in all aquaculture
systems and should be noted for further research with respect to animal husbandry and
farm efficiency.
Another factor that influenced abalone growth and survivorship in this trial was
biofouling. Biofouling of aquaculture cages can severely limit the growth of farmed
shellfish (Alcantara and Noro 2006, Dürr and Watson 2010, Ingram et al. 2013), and
was an issue for our cages at the offshore site. Biofouling may have affected growth by
reducing water exchange rates. Onshore cages were cleaned, and their food replaced
with fresh food, more frequently than in the offshore cages. Overall, the offshore
culture system would need to be significantly modified from our trial system to reduce
biofouling, optimise stocking and feeding rates, and to reflect the scale of production.
As feed is a significant cost in farming abalone, considerable research has been
done to reduce the feed conversion ratio (FCR) of formulated feeds to produce growth
rates in the abalone that will allow for sustainable production. Allowing for the
reduction in labour and operational costs of using fresh seaweed, even with a higher
FCR and slower growth rates, seaweed is still a viable alternative to formulated feed
for abalone culture. Producing seaweeds at a low cost is achievable through better
collection techniques of beach cast seaweed or via the cultivation of fast growing,
nutritious seaweeds. Seaweeds, especially the kelps Saccharina japonica and Undaria
pinnatifida, constitute the major diet for farmed abalone in northern China (Nie and
Wang 2004, Zhang et al. 2010), because they are readily available and produce good
growth rates in the local abalone species. The seaweeds used in this trial that had
higher protein contents (i.e. red and green) allowed for faster growth in the abalone.
Previous studies (Bansemer et al. 2016, Mulvaney et al. 2013, Shpigel 1999) have also
shown that seaweed grown in high nitrogen conditions that have higher protein content
produced faster growth rates in juvenile hybrid abalone than regular seaweed.
Alternatively, offshore abalone culture systems could supplement with formulated
feeds that require reduced feeding amounts and/or frequency.
This study, along with further research and development, will assist in the
process of optimising a suitable offshore culture system with similar outputs of
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onshore culture. The offshore production system provided comparable growth rates
and higher survival to abalone grown onshore during the initial warmer months of the
trial. Using a combination of onshore cultivation during winter and offshore cultivation
during summer may reduce mortality rates as well as operational costs and allow for
expansion of the Australian abalone industry in the near future. While formulated
feeds require further development to be optimised for offshore culture, seaweed diets
can be used in combination with or as a part of the formulation of feeds. Increased
investment in offshore abalone culture systems in Victorian aquaculture zones, and
associated production of diets (both seaweed and artificial foods), has the potential to
increase overall output of the industry.
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Chapter 2: Recovery of omega-3 profiles of cultivated
abalone by dietary macroalgae supplementation

Abstract
Formulated feeds for cultivated abalone have received considerable attention to
improve the feeding costs, efficiency and productivity of the growing cultivated
abalone industry in Australia. Less attention has been given to the resulting quality of
the seafood product from formulated feeds and the effect of the reduction of marine
ingredients in these feeds. Marine n-3 fatty acids are particularly important nutritional
factors of seafood that are lacking from feed ingredients at the base of the aquaculture
production chain. Considering that this important category of nutrients is already
deficient in the western diet, further erosion through cultivated seafood products is of
concern. This study tested the effect of three diet categories on the fatty acid profiles of
commercially farmed abalone. Two commercial formulated feeds, Ulva spp.
macroalgae, and combinations of the formulated feeds and macroalgae were fed to six
replicate baskets of 20 abalone (~ 62 mm) for 12 months in Victoria, Australia. The
macroalgae diets represented overall lower fatty acid content, including
eicosapentaenoic (EPA) and docosahexaenoic (DHA), but higher relative amounts of
alpha linolenic acid (ALA) and docosapentaenoic acid (DPA), than the formulated
feeds. The total lipid content of abalone tissue did not vary substantially across diet
categories; however, the ratio of n- 6:n-3 fatty acids decreased incrementally with the
increasing macroalgae content in the diet and by a factor of two with a 100 %
macroalgae diet. Also, equal or higher content of all important long-chain n-3 fatty
acids was achieved with a macroalgae diet despite the lower dietary content of some of
these fatty acids. Marine fatty acid-deplete aquaculture feeds can result in decreased n3 fatty acid content in the abalone tissue. The inclusion of macroalgae in the diet of
abalone can offset this reduction.
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Introduction
Seafood, such as abalone, is one source of omega-3 long-chain polyunsaturated fatty
acids (LC n-3-PUFA) for human nutrition (Nichols et al. 1998; Sinclair et al. 1998; Su
et al. 2006). Wild abalone has a LC n-3 PUFA content of up to 94 mg (per 100 g),
which compares to 70 mg in beef, 26 mg in pork and 50 mg in chicken. By contrast,
oily fish such as tuna, anchovy and farmed Atlantic salmon have a much higher
content generally greater than 2 g (per 100 g). Although abalone LC n-3 PUFA content
is at the lower end of the seafood scale, our diets are so heavily shifted towards omega6 rather than n-3 PUFA (Meyer 2003) that any other shifts in our food supply,
including abalone, are detrimental to population health. We need to look at all ways to
recover the balance in n-6:n-3. The lipid profile of our seafood is the most logical one
to maintain, as seafood is the natural source of these fatty acids.
LC n-3 PUFA have been shown to have many health benefits (Su et al. 2006),
which include a lowered risk of coronary heart disease (Erkkilä et al. 2003; Lemaitre et
al. 2003; Breslow 2006), lower blood pressure (Rasmussen et al. 2006), lower plasma
triacylglycerol levels (Chan et al. 2003; Dallongeville et al. 2003), improved
inflammatory conditions, reduced symptoms of diabetes (James and Cleland 1996;
James et al. 2000; Pischon et al. 2003), reduced risk of certain cancers (Kimura et al.
2007), Alzheimer’s disease, depression and schizophrenia (Adams et al. 1996; Morris
et al. 2005; Su et al. 2008) and benefits against a range of other disorders (Nichols et al.
2002). Similarly, PUFAs are an essential part of abalone diets and metabolism.
Formulated feeds have higher lipid concentrations than macroalgae as they
have been manufactured with high levels of fish and vegetable oils in order to improve
the energy and nutritional value of feed (Uki et al. 1986; Durazo-Beltrán et al. 2003;
Wei et al. 2004; Bautista-Teruel et al. 2011; Mateos et al. 2012). However, the profile
of the increasingly used vegetable oils tends to be rich in saturated and fatty acids and
n-6 LC-PUFA. Thus, the results by Dunstan et al. (1996) and Su et al. (2004) were
consistent in their findings that abalone fed formulated feeds had lower levels of n-3
PUFA than those fed macroalgae feeds. However, these studies did not consider the
now more commonly farmed hybrid abalone (Haliotis rubra x Haliotis laevigata) or the
lipid profiles of the macroalgae used in the trials.
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In the wild, abalone consumes a range of macroalgae depending on their
geographical location and seasonality (Johns et al. 1979; Nelson et al. 2002). These
macroalgae vary significantly in their nutrient profiles (Lourenço et al. 2002), and
although they generally have a low lipid content (Olley and Thrower 1977), they
contain important marine LC n-3 PUFA, such as eicosapentaenoic (EPA; 20:5n-3) and
docosahexaenoic (DHA; 22:6n-3), that are transferred up the marine food chain (Brett
and Muller-Navarra 1997). Abalone are adapted to utilise the lipid profiles of their
natural diets in vital metabolic processes. Biochemical analyses of abalone fed on
various diets showed that their lipid content reflects their dietary lipid intake and also
the bioavailability of these lipids (Mercer et al. 1993; Nelson et al. 2002). Furthermore,
diets that contain high levels of lipids can increase the accumulation of lipids in
abalone, as well as their growth rates (Viana et al. 1993; Dunstan et al. 1996). One
American kelp, Egregia menziesii, containing high levels of PUFA (Nelson et al.
1999), produced good growth rates compared to other macroalgae when it was fed to
the green abalone, Haliotis fulgens (Nelson et al. 2002). This has been transferred to
commercial aquaculture and the production of this species (Leighton and Peterson
1998). Mai et al. (1996) also found that both LC n-3 and n-6 PUFA in macroalgae
were important for the growth of the Japanese and European abalone, Haliotis discus
hannai and Haliotis tuberculata, and that growth enhancement appeared to depend
largely on the LC n-3 PUFA.
Considering this, the diet of the abalone can directly affect the nutritional value
of abalone as a food product for humans, particularly with regard to their lipid and LC
n-3 PUFA profiles (Nelson et al. 2002; Su et al. 2004, 2006; Mateos et al. 2010, 2012)
as these lipids are produced by algae. Several studies have focussed on species and
seasonal differences in lipid profiles of macroalgae and their effects on both wild and
cultured abalone using formulated feed (e.g. Mateos et al. 2010). Wild abalone have up
to three times the concentration of PUFA than cultivated abalone (fed formulated
feeds) because of the availability of lipids in their natural macroalgae diets (Dunstan et
al. 1996; Su et al. 2004). This suggests that macroalgae as a part of the diet in abalone
culture would provide for higher LC n-3 PUFA levels in the abalone. However,
attempts to restore LC n-3 PUFA levels in Australian abalone cultivation systems
using macroalgae in feeds have not been undertaken, in part due to a lack of
production of macroalgae. The objectives of this study were to determine if the use of
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macroalgae, in combination with or instead of current commercial formulated feeds,
could improve the LC n-3 PUFA profile of abalone meat without detriment to growth
and performance of the abalone.

Methods
Hybrid abalone (H. laevigata x H. rubra), from the same cohort, were obtained from
Great Southern Waters Pty Ltd. (GSW; Indented Head, Victoria) and were tagged with
glue on shellfish tags for identification purposes following Mulvaney et al. (2013). The
starting abalone were an average weight of 38±0.5 g and 62±0.2 mm in length.

Experimental system
The feeding trial was undertaken over 12 months, from November 2011 to December
2012 in a system of oyster mesh cages (Aquapurse, Tooltech Pty Ltd, Brisbane). Cages
were suspended 1 m below the water surface in two conditions, 24 cages in an earthen
effluent pond at GSW as well as 12 cages suspended from mussel rearing
infrastructure near the Mornington Peninsula in the large seawater body of Port Phillip
Bay (38.31275 S, 144.9068 E). There were six replicate cages for each of four diet
treatments (Table 2.1). Twenty tagged abalones were placed into each cage. In addition,
120 tagged abalones were stocked into one conventional (commercial) raceway slab
tank at GSW, amongst other abalones, as a farm control. Results from the open water
system are pooled with the pond production system where results are similar and
reported on as a distinct Ulva only briefly here to emphasise the consistency of
findings across the two distinct systems and feed sources of Ulva spp.

Feed treatments
There were four diet treatments provided on a weekly basis for 12 months in the pond
system (Table 2.1). One diet comprised macroalgae, Ulva spp. (Chlorophyta; U1), one
diet was a mix of Ulva spp. and formulated biscuit feed (AU) and two diets were
formulated for suspended, basket culture, a biscuit (A) and a pellet (B; Australian
Aquafeeds, Mount Barker, South Australia; Table 2.1). In the AU1 diet, abalones were
fed alternately, macroalgae for 1 week then formulated biscuit feed for the second
week and so on. Macroalgae Ulva spp. were exclusively sourced from the outflow
drains at GSW for the pond system for biosecurity reasons. Abalone in the open water
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system were fed one of two diets, AU2 comprising the formulated feed A and Ulva
from a different site— Queenscliff—as well as a straight Ulva diet from Queenscliff
(U2). Abalone in the control raceway were fed daily with a different formulated
abalone feed (Skretting) and cleaned as part of normal farm management practices.
Feed was available to abalone at all times, and degraded uneaten food was removed
from the cages weekly to reduce fouling.

Proximate analyses
The proximate composition of all feed samples was determined according to standard
procedures, routinely used at the Deakin University Fish Nutrition Laboratories (see
Francis et al. 2007; Palmeri et al. 2007; Turchini et al. 2007). Total lipid content was
determined gravimetrically after total lipid extraction by chloroform/methanol (2/1v/v)
according to Folch et al. (1957; Table 2). An aliquot of extracted lipids (~ 30 mg) was
then used for fatty acid analysis. Macroalgae samples were collected sampled every 3
months and frozen at −18 °C to examine seasonal changes in nutrient composition. In
order to determine the effects of diet on the composition of abalone muscle, samples of
muscle tissue were collected at the beginning and at the end of the trial and analysed
for proximate composition in the same way as for feeds.

Lipid profile analyses
Extracted lipids were determined using the acid catalysed methylation method
(Christie 2003) by esterification of fatty acids into methyl esters. The content of fatty
acid methyl esters was determined using a Shimadzu GC 17A (Shimadzu, Japan)
equipped with an Omegawax 250 capillary column (Supelco, USA) following a
method developed and routinely used in the Deakin University Fish Nutrition
Laboratories. A subsample (~ 30 mg) of each lipid extract was further fractionated by
thin-layer chromatography (TLC) to separate the four major lipid classes, namely
triacylglycerol (TAG), phospholipids (PL), cholesterol esters (CE) and free fatty acids
(FFA). The resultant classes were then analysed for their fatty acid composition, as
described above.

Statistics
Proximate composition profiles of each diet as well as pre- and post-trial abalone
tissues were analysed visually as multivariate data in Multidimensional Scaling plots
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(MDS; PRIMER software, Plymouth Marine Labs; Clarke and Gorley 2001) to
identify differences in fatty acid profiles across diets and across abalone tissue from
the different dietary treatments. SIMPER analysis in the PRIMER package was used to
identify the univariate compounds that contributed most to the different fatty acid
profiles as well as for proximate composition variables. Univariate variables were
compared using analysis of variance and comparisons of means with JMP software
(version 12.1.0). Heterogeneity of variance was visualised using box plots, and normal
distribution was confirmed a priori. Tukey’s HSD (p > 0.05) analyses of the abalone
lipid profiles were used a posteriori to determine which dietary treatments differed for
all of the parameters.

Table 2.1 Feed inclusions and proximate composition of the diets used in the
abalone feeding trial.
Diet

Composition

Dry matter Ash
(% ww)

Protein Lipid

NFE*

(% dw) (% dw) (% dw) (% dw)

A

Formulated feed A

93.73

11.91

36.88

4.81

46.40

B

Formulated feed B

93.45

8.69

33.65

4.18

53.48

AU1

Ulva + formulated feed A

54.04

18.62

29.28

4.56

47.55

U1

Ulva

14.35

25.32

21.67

4.31

48.70

AU2

Ulva + formulated feed A

54.93

18.22

26.24

3.77

51.77

U2

Ulva

16.13

24.53

15.59

2.74

57.14

* NFE = Nitrogen Free Extract, consisting carbohydrates, sugars and starches.

Results
Diet composition
There were differences between the formulated feeds and the Ulva diet in terms of the
proximate composition. Most notable was the range of ash content from 9 % in a
formulated feed to 25 % in the macroalgae diet (Table 2.1). The level of protein was
highest at 37% in the formulated feed A but decreased to 22 % in the macroalgae diet
from the abalone farm site where nitrogen and other nutrients were abundant. The lipid
content was similar across these diets in the pond system, ranging only between 3.9
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and 4.8 %. In contrast, the sea-based Ulva source was lower in lipids and protein at 2.7
and 15 %, respectively.

Performance of abalone production and proximate composition of
muscle
Overall abalone grew from an average of 62 mm to an average of 78 mm over the 12month period, and performance did not differ too much across the treatments within
the pond. However, the survival of abalone was quite low in the pond production
system compared to the open water system at about 50 % over 12 months. There were
slight differences in survival across diets with the blend of formulated A and Ulva feed
performing best for growth and survival, followed by formulated feeds A and B and
then the Ulva diet. Survival was highest for abalone on a mixed feed and Ulva diet by
about 9 % compared to formulated feed alone and 30 % compared to Ulva as a feed
alone.

Table 2.2: Growth, survival and proximate composition of the abalone tissue after
being fed different diets (Table 2.1) over a 12-month feeding trial (mean ± SE,
n = 6).
Diet

Survival Growth Dry Matter Ash
Protein Lipid
NFE*
(%)
(% ww) (% ww)
(% dw) (% dw) (% dw) (% dw)
Initial
27.7
6.0
72.9
3.9
17.2
A
B
AU1
U1
AU2
U2

40.8

 0.6

 0.3

 1.2

 0.0

AB

80.1

AB

8.5
 2.0

6.9

155.1

26.4

± 0.05

±2.2

 0.4

 0.2

 1.8

 0.1

48.7

159.7

26.4

7.2 A

80.2

4.2 B

8.5

± 0.05

±3.3

 0.2

 0.1

 1.8

 0.1

 2.0

48.3

163.1

27.1

6.3 B

79.5

4.2 B

10.0

± 0.05

±2.3

 0.3

 0.2

 2.2

 0.2

 2.5

A

82.5

A

5.4

7.4

4.6

 1.5

37.5

109.5

26.0

4.7

± 0.04

±2.3

 0.2

 0.2

 0.8

 0.1

 0.7

92.5

38.0

26.3

7.8

65.2

3.7

23.2

 0.04

±1.1

 0.3

 0.8

 6.8

 0.0

 6.4

85.7

10.3

25.9

8.7

66.0

4.9

20.4

 0.03

±0.7

 0.7

 0.4

 1.0

 0.3

 1.3

* NFE = Nitrogen Free Extract, consisting carbohydrates, sugars and starches. Dietary
treatments sharing the same letter were not significantly different (Tukey’s HSD, p > 0.05).
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Fatty acid profiles in feeds and abalone tissue
The diets that were used in the trial had different fatty acid profiles with significantly
higher saturated fatty acids and PUFA in the formulated feeds than the macroalgae,
while monounsaturated fat content was similar across all feeds. For example, PUFA
was in the range of 150 % higher in formulated feeds than in the macroalgae (Figs. 2.1
and 2.2). However, this difference in broad-level categorisation of fatty acid profiles of
the different feeds was not reflected in the broad fatty acid category profiles of the
abalone tissue after 12 months. Thus, the broad fatty acid categories in abalone tissue
remained relatively consistent across feed types and locations with a difference of only
5–15 % more in formulated feeds, demonstrating that abalone metabolises and
accumulates the fatty acids to a consistent profile at this level regardless of the
macroalgae diet being much lower in saturated fatty acids (SFA) and PUFA. All
abalone were similarly high in MUFA and PUFA and low in saturated fatty acids (Fig.
2.1 and Appendix B).

Figure 2.1: Absolute concentration (mg.g−1) of saturated fatty acids (SFA),
monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA) of the
different feed types used in abalone feeding trial (mean ± SE, n = 6).
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Figure 2.2: Absolute concentration (mg.g−1) of saturated fatty acids (SFA),
monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA) of
abalone tissue after being fed different diets (see Table 2.1) over a 12-month feeding
trial (mean ± SE, n = 6).

While the broad categories of fatty acid profiles in abalone were similar, there
were specific differences at a higher resolution fatty acid profiles across treatments.
Multivariate data that considered the collective individual fatty acids revealed
consistent differences between the formulated fed tissue types and an increasing
content of Ulva macroalgae in the diet (Fig. 2.3).
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Figure 2.3: Multidimensional Scaling (MDS) plot comparing the standardised
multivariate variables of the fatty acid profiles of abalone tissue after being fed
different diets (see Table 2.1) at onshore site over a 12-month feeding trial.

Macroalgae feed comprised of much lower ratios of n-6:n- 3 PUFA at 0.6 – 0.8
compared to formulated feeds at between 5 and 7, as a result of the low content of n-6
PUFAs in the macroalgae (Fig. 2.4a). This difference in dietary feed profiles was
reflected in abalone tissue profiles where the n-6:n-3 ratios for formulated feeds were
approximately 1, while the tissue that resulted from increasing content of Ulva
provided for a reduction of the n-6:n-3 ratio by a factor of 0.4 for 100 % Ulva diet
(F3,23 = 73.5, p < 0.0001; Figs. 2.4b and 2.5). This trend was reflected in both pond
and open water conditions and using two distinct sources of Ulva biomass (Fig. 2.5).
The abalone in the control raceway had a n-6 PUFA:n-3 PUFA ratio of 0.65 compared
to those fed formulated feeds in the onshore trial of 0.98 and 0.99.
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Figure 2.4: n-6 and n-3 profiles of a) formulated and macroalgae diets, and b)
abalone tissue fed diets (see Table 2.1) of increasing content of Ulva in both pond
(U1) and sea-based production systems (U2) over a 12-month feeding trial (mean ±
SE, n = 6).

Figure 2.5: n-6:n-3 profiles of abalone tissue fed diets (see Table 2.1) of increasing
content of Ulva in both pond (U1) and sea-based production systems (U2) over a 12month feeding trial (mean ± SE, n = 6). Note: Dietary treatments sharing the same
letter are not significantly different (Tukey’s HSD, p > 0.05).
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The Ulva contained higher relative amounts of alpha linolenic acid (ALA; 18:3
n-3) and docosapentaenoic acid (DPA; 20:3 n-3) than the formulated feeds, while the
formulated feeds contained relatively more EPA (20:3 n-3) and DHA (22:6 n-3; Fig.
2.6a, b). Despite higher PUFA content and the EPA and DHA in formulated feeds, all
of these fatty acids were equal to or higher in the abalone fed Ulva-containing diets.
Thus, a lower DHA content in Ulva feed still delivered a similar DHA profile in
abalone fed formulated feeds enriched with DHA.

Figure 2.6: Comparison of LC n-3 PUFA profiles for the a) different feeds, as well
as b) the resulting abalone tissue after being fed different diets (see Table 2.1) at
onshore site over a 12-month feeding trial (mean ± SE, n = 6).
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When comparing the LC n-3 PUFA to n-6 PUFA of the feeds, the LA to ALA
ratio was between 9 and 11 for formulated feeds and just under 1 for seaweed due to
the high levels of LA in the formulated feeds (Fig. 2.7).

Figure 2.7: Comparison of the absolute concentration of ALA (18:3n-3) and LA
(18:2n-6) for the different feeds used in abalone feeding trial (see Table 2.1).

Ulva biomass appeared variable in terms of fatty acid composition (Fig. 2.8)
across seasons with 2–3 times the levels of ALA and DPA during spring at 70 and 8
mg.g−1 fatty acids, respectively (Fig. 2.9). This comprises 50 % of PUFA content at
that time of year with a decrease in relative EPA and DHA ratios suggesting some
conversion of certain types of fatty acids. The DHA content was highest in summer at
1 mg.g−1 fatty acids.
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Figure 2.8: Seasonal differences of the absolute concentration (mg.g−1) of saturated
fatty acids (SFA), monounsaturated fatty acids (MUFA) and polyunsaturated fatty
acids (PUFA) of the Ulva used in abalone feeding trial.

Figure 2.9: Seasonal differences of the absolute concentration (mg.g−1) of DHA
(22:6n-3), DPA (20:5n-3), EPA (22:5n-3) and ALA (18:3n-3) of the Ulva used in
abalone feeding trial.
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Discussion
This study has shown that abalones fed a natural macroalgae diet can have higher
levels of LC n-3 PUFA than those offered formulated feeds, despite lower content of
certain PUFAs in the macroalgae feed. It can therefore be argued that the macroalgaefed abalone will have better human health benefits than those farmed with formulated
feeds. It follows that wild-caught abalone would have similar health benefits as they
too feed on macroalgae feeds as shown in previous studies (Dunstan et al. 1996; Su et
al. 2004; Mateos et al. 2010). Increasingly, our seafood is sourced from aquaculture,
and accordingly, we need to make sure that the nutritional value of aquaculture
seafood products is not compromised by the feed source.
Formulated abalone feeds are typically high in lipids including both saturated
fatty acids, but also n-6 PUFA. The ratios of SFA: MUFA: PUFA were considerably
different between the formulated feeds and the macroalgae feeds, as all macroalgae
were relatively higher in monounsaturated fatty acids. This demonstrates that the
formulated feeds are not representative of the natural diets of abalone at this crude
level of fatty acid profile. However, at the end of the 12-month feeding trial, the
abalone had similar fatty acid profiles across these groups regardless of diet. This
implies that the abalones were able to metabolise the fatty acids from different sources
to provide the required fatty acid profiles for these broad categories of fatty acids and
that diet did not shift the FA group proportions to any large degree. The seasonal
changes seen in the fatty acid profiles of the macroalgae could account for their
seasonal changes in abalone tissue as seen in other studies (Dunstan et al. 1999; Su et
al. 2006; Mateos et al. 2010) and should be taken into account when formulating
commercial abalone feeds and harvesting abalone.
There was a high level of LC n-6 PUFA compared to LC n-3 PUFA in the
formulated feeds used in this trial. This is representative of feeds commonly
formulated in Australia that utilise terrestrial crops. This dietary compositional
signature resulted in a higher ratio of n-6 PUFA:n-3 PUFA ratio in the abalone that
were fed formulated feeds compared to natural macroalgae feeds. Both LC n-6 PUFA
and LC n-3 PUFA are important fatty acids in the human diet; LC n-6 PUFA is
generally gained from terrestrial crops such as nuts and sunflower seeds, so it is
important to gain LC n-3 PUFA from marine and/or other sources. This shift towards
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LC n-6 PUFA in the abalone that are fed formulated feeds could reduce their ability to
produce LC n-3 PUFA such as DHA from ALA. Most organisms are able to convert
some fatty acids to their required fatty acid profiles to a degree; however, this is
limited in humans and other organisms, and therefore, many fatty acids are regarded as
conditionally essential through dietary intake. EPA and DHA have been shown to be
conditionally essential fatty acids, and increasing their intake can lead to better health
outcomes (Sinclair 1991; Markrides et al. 1994; Jensen 2006; Schwalfenberg 2006).
Despite the macroalgae containing lower levels of DHA than the formulated feeds, the
high level of LA in the formulated feeds may be blocking the metabolic pathway from
ALA to EPA to DHA resulting in comparable levels of DHA in the abalone. Thus,
abalone have metabolised other fatty acids (e.g. ALA) into the desired fatty acids
(EPA and DHA) to some degree, but there is still a requirement of essential fatty acids
within the diet of the abalone in order to maximise health benefits for both the abalone
and human nutrition needs.
The expected health benefits of eating abalone seafood are therefore reduced
when they are fed formulated feeds. Under the current Food Standards Australia New
Zealand (FSANZ) guidelines, nutrition claims can be made about abalone currently
farmed in Australia, but it is not a ‘good source’ of n-3 LC-PUFA as the concentration
is lower than 60 mg of EPA and DHA per serving (Su et al. 2006; Mateos et al. 2010).
This may be improved if abalones are fed a macroalgae diet, and importantly, the ratio
of n-6:n-3 should not be shifted towards a terrestrial profile of high n-6 PUFA. The
increased health benefit for humans from abalone fed macroalgae as opposed to
abalone fed formulated feeds is a marketable factor and also provides evidence of a
better environmental and nutritional system.
The use of formulated feeds is widespread in abalone culture. It is important
that these feeds produce good growth rates in the abalone without compromising the
health benefits of the abalone to humans. The clear health benefits of feeding abalone
macroalgae should be considered when producing feeds for them. For example,
macroalgae could be provided as a proportion of the formulated feed ingredients or as
a finishing feed to improve the human health benefits of eating abalone. Diets
supplemented with fish oil can significantly increase the content of n-3 PUFA in
farmed abalone (Durazo-Beltrán et al. 2003; Thongrod et al. 2003; Wei et al. 2004;
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Bautista-Teruel et al. 2011), but with limitations to this supply, macroalgae could
provide a more economic alternative to such formulations.
Algae are the primary source of LC n-3 PUFA in the food chain (Arterburn et
al. 2007), and we have shown here that marine macroalgae diets will produce higher
levels of LC n-3 PUFA in abalone tissue than formulated feeds. This has flow on
effects for the health benefits in human consumption of abalone. This should be taken
into consideration when formulating commercial abalone feeds and developing new
abalone culture systems.
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Chapter 3: The metabolic translation of diverse
seaweed-based diets in an offshore aquaculture system

Abstract
Seafood such as abalone provide important benefits to human health via the
consumption of the fatty acids they contain, for example, omega-3s or omega-6s.
However the fatty acid profile of abalone, and indeed humans, is in part due to the
ratio of essential and semi-essential fatty acids in the diet. It is known that seaweed
inclusion in diets can contribute beneficial polyunsaturated fatty acids (PUFA),
however it is poorly understood which seaweed taxa or if specific blends of taxa could
provide for optimal PUFA nutrition. This study explores the effect of diverse seaweed
and mixed seaweed diets of abalone on their fatty acid profiles. Mature abalone were
fed different dietary treatments, containing either single or mixed seaweed species,
over 12 months. The fatty acid profiles of both the seaweed diets and the abalone were
analysed throughout the trial. There were seasonal differences in the fatty acid profiles
of the seaweed across the year. At the conclusion of the 12 month trial, the abalone
tissue had categorical differences in their fatty acid profiles based on their diet. This
study highlights the major influence that diet has on the fatty acid profile of abalone.
Consequently, there may be significant differences in the health benefits of farmed
abalone that use variable seaweed diets

Introduction
As wild abalone stocks decline, aquaculture is increasing around the world,
including in Australia. It is therefore pertinent to explore the effect of provided diets
on nutrition for the animals, and subsequently, on the product for beneficial human
consumption. There is a renewed interest in developing feeds for use in abalone
aquaculture that include their natural diet of seaweeds for health and improved growth
rates (Daume et al. 2007; Strain et al. 2007). Furthermore, seaweeds could reduce the
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reliance of feed sourced from valuable land crops, as well as provide cultivated
abalone with their preferred fatty acids and other nutritional requirements for improved
growth and health.
Abalone are one of the most highly valued seafood products around the world
(Qi et al., 2010), and are known to naturally graze on seaweed, thus being a consumer
of the source of LC n-3 PUFA synthesis. Abalone diets that contain high levels of fatty
acids can increase the accumulation of lipids in abalone tissue as well as the abalone’s
growth rate (Viana et al. 1993; Dunstan 1996). Several studies have demonstrated that
the diet of abalone can directly affect their nutritional value as a food product,
particularly with regard to their lipid and n-3 PUFA profiles (Nelson et al. 2002; Su et
al. 2004; 2006; Mateos et al. 2010; 2012). However, their fatty acid profiles can also
vary across season, sexual maturity, temperature, and location (Dunstan 1999; Nelson
et al. 2002; Su et al. 2006; Mateos et al. 2010). Su et al. (2004) showed that wild
abalone (Haliotis rubra) had four times the amount of PUFAs than cultured abalone
fed one formulated feed, and implicated diet as the main contributing factor.
Furthermore, seaweeds vary in their lipid content depending on the species, their
geographical location and seasonality (Johns et al. 1979; Nelson et al. 2002; McCauley
et al. In Press). For such a nutritionally important component of seafood, it is not yet
well understood how various seaweeds with highly diverse LC-n3 PUFA contents
affect the fatty acid profiles of abalone tissue. Thus, it is important to identify sources
of seaweed that could enhance the nutritional benefits to farmed abalone, as well as the
health benefits via human consumption.
Long-chain n-3 polyunsaturated fatty acids (LC n-3 PUFAs), also known as
omega-3s, are an important part of the human diet. Some of these fatty acids, such as
alpha linolenic acid (ALA; 18:3 n-3), docosapentaenoic acid (DPA; 20:3 n-3),
eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid (DHA; 22:6n-3),
cannot be synthesized (ALA), or adequately synthesized (EPA, DHA) by most animals
and must come via dietary intake from the food chain (Meyer et al. 2003). Seaweeds
and microalgae are able to synthesize LC n-3 PUFAs, which are then transferred and
accumulated up the marine food chain (Brett and Muller-Navarra 1997). Seaweeds
generally have a low lipid content overall (Olley and Thrower 1977), but they contain
LC n-3 PUFAs that have been identified as being important for human health
(McCauley et al. 2014; Su et al. 2006), due to their role in inflammatory pathways,
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endocrine systems and cell membrane function. Therefore, seafood that accumulates
the LC-n3 PUFAs through the food chain is one of the primary natural sources of the
LC n-3 PUFAs essential for human nutrition (Nichols et al. 1998; Sinclair et al. 1998;
Su et al. 2006). However seaweed taxa can vary significantly in their fatty acid profiles
(McCauley et al. 2014) and it is unclear how such differences translate into the
metabolism of abalone and the fatty acid profile of the meat (Taipale et al. 2016).
Here, we investigate the relationship between the lipid profiles of three phyla of
Australian seaweed, and the corresponding lipid profiles in abalone fed variations of
these seaweeds. We undertook this experiment on mature abalone in an offshore
aquaculture system over 12 months of feeding and grow-out. We compare single taxon
seaweed diets to mixed taxa diets, as well as one diet containing a proportion of
formulated feed, currently in development for offshore culture systems. This study is
undertaken at pilot commercial scale to deliver relevance for the developing abalone
aquaculture industry in Australia, with a long trial period across the annual cycle of
seasons, and feeding regimes for mature farmed abalone and locally sourced seaweed
taxa.

Methods
Study animals
Hybrid abalone (Haliotis laevigata x H. rubra) are the preferred species used in
Victorian abalone culture, and 840 abalone of this hybrid species were obtained from
Great Southern Waters Pty Ltd. (GSW; Indented Head, Vic., Australia). All animals
used were from the same cohort of stock and initially averaged 62 mm (± 0.06 SE) in
length and weighed 38 g (± 0.13 SE). All abalone were tagged with glue-on shellfish
tags for individual identification purposes.

Experimental system
The study was conducted over ~ 12 months, from November 2011 to December 2012,
in Port Phillip Bay, Victoria (-38.267958 S, 144.982340 E). The culture system was in
an offshore trial using oyster baskets (Aquapurse, Tooltech Pty Ltd, Brisbane)
suspended 1 m below the water surface on a long line. Twenty tagged abalone were
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placed into each basket, with six replicate baskets used for each diet treatment (Table
3.1).

Feed treatments
There were seven different diet treatments in the offshore system that included
seaweed phyla of the Rhodophyta (mostly Plocamium preissianum, Gracilaria,
Asparagopsis and Hynea ramentacea), Phaeophyta (mostly Ecklonia radiata and
Macrocystis), and Chlorophyta (Ulva spp. only) in single phylum diets and
combination phyla diets (Table 3.1). Seaweeds were sourced from good quality and
fresh beach cast seaweed in the area surrounding Queenscliff, Victoria (-38.268738 S,
144.664240 E). The diet AU was a combination of Chlorophyta seaweed and
formulated biscuit feed (Aquafeeds Australia, Mount Barker, S.A.), provided
alternately once a fortnight. Feed was replaced for all diets on a fortnightly basis,
ensuring food was available to abalone at all times to ensure saturated feeding.

Table 3.1: Dietary treatments fed to abalone over a 12 month trial.
Diet Composition
AU

Ulva + Formulated Feed

U

Ulva

R

Rhodophyta

P

Phaeophyta

PU

Phaeophyta + Ulva

PR

Phaeophyta + Rhodophyta

RU

Rhodophyta + Ulva
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Water quality
Water quality parameters were measured throughout the trial (HOBO UX90 Series
Loggers); temperature, pH, dissolved oxygen (DO), and salinity were all logged hourly,
while ammonia levels were tested monthly. Temperatures ranged from 11.1 °C to
22.9 °C (mean 16.4 °C), pH from 7.91 to 8.12 (mean 7.97), DO from 95 to 102 %
saturation (mean 98 %), salinity from 26.5 to 35.3 mS.cm-1 (mean 32.1 mS.cm-1) and
ammonia ranged from 0.003 to 0.01 mg.L-1 (mean 0.005 mg.L-1).

Compositional profile analyses
Samples of the seaweeds used in each diet treatment and the formulated feed were
collected for lipid analyses every 3 months to examine any seasonal changes in
nutrient composition. Fresh samples were frozen representative mixtures for all of the
seaweed diets separately as well as for the Ulva plus formulated feed diet. Samples of
muscle tissue were collected from 3 abalone in each basket for each treatment at 6
months and 12 months for proximate composition and fatty acid analyses. Similarly
samples were frozen directly after collection and stored until all fatty analyses were be
done.
The proximate composition and fatty acid content of samples were determined
according to standard procedures routinely implemented at Deakin University Fish
Nutrition Laboratories (see Francis et al. 2007, Palmeri et al. 2007, Turchini et al.
2007). Frozen samples of both seaweed tissue and abalone tissue were macerated, and
total lipid content was determined gravimetrically after total lipid extraction by
chloroform/methanol (2/1 v/v) according to Folch et al. (1957). After total lipid
extraction an aliquot of extracted lipids (~ 30 mg) was used for fatty acid analysis. The
acid catalysed methylation method (Christie 2003) was used to esterify fatty acids into
methyl esters. The content of fatty acid methyl esters was determined by using gas
chromatography (Shimadzu GC 17A, Chiyoda-ku, Tokyo, Japan) equipped with an
Omegawax 250 capillary column (Supelco, Bellefonte, PA, USA) following a method
developed and routinely used in the laboratories (Francis et al. 2007). A sub-sample
(~ 30 mg) of each lipid extract was further fractionated by thin layer chromatography
(TLC) to separate the four major lipid classes, namely triacylglycerol (TAG),
phospholipids (PL), cholesterol esters (CE) and free fatty acids (FFA). The resultant
classes were then analysed for their fatty acid composition, as described above.
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Statistics
Proximate compositions and lipid profiles of seaweeds, formulated feed, and abalone
tissue were each analysed visually as multivariate data in Multidimensional Scaling
plots (MDS; PRIMER software Plymouth Marine Labs) to identify patterns of
differences across dietary treatments. Pair-wise tests were performed using
PERMANOVA to identify which dietary treatments produced significantly different
fatty acid profiles in the abalone. Based on the findings we separated the dietary
treatments into groups and SIMPER analysis was used to identify which fatty acid
components were the key drivers of differences between identified groups. Specific
univariate lipid variables were compared using analysis of variance (ANOVA) and
comparisons of means with JMP (version 12.1.0). Heterogeneity of variance was
visualized using box plots, and normal distributions were confirmed a priori. Tukey’s
HSD (p > 0.05) pair-wise analyses of the abalone lipid profiles was used a posteriori
to determine which dietary treatments differed for each of the variables.

Results
Seaweed proximate composition
The proximate composition of the seaweed treatments shifted across seasons (Table
3.2). All phyla had higher total lipid content in the autumn month, including
Rhodophyta, which had the highest lipid concentration in autumn with a spike in
saturated fatty acids (SFA), but otherwise had similar lipids content to Ulva and
trended to have slightly more lipid than for Phaeophyta throughout the most of the year.
Similarly protein levels tended to be higher in the autumn and winter months. The diet
that included formulated feed (AU) had much lower ash contents and higher protein
levels than the seaweed only diets. Despite these differences in the composition of
feeds, there was little evidence of a direct translation into the proximate composition of
abalone across treatments.
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Table 3.2: Seasonal proximate composition of seaweed diets, and the biannual
proximate composition of the abalone tissue, during an offshore 12 month feeding
trial.
Diet Treatment

AU

U

R

P

PU

PR

RU

Seaweed
Moisture
(%)

Summer

41.2

76.2

81.8

71.5

73.9

76.7

79.0

Autumn

47.3

88.3

72.9

73.3

80.8

73.1

80.6

Winter

46.3

86.4

72.6

69.6

78.0

71.1

79.5

Spring

45.4

84.5

75.4

63.0

73.8

69.2

80.0

16.7

21.5

31.4

21.4

21.4

26.4

26.4

19.1

26.2

23.3

25.5

25.9

24.4

24.8

Winter

19.6

27.3

26.7

17.8

22.5

22.3

27.0

Spring

17.5

23.2

27.5

19.9

21.5

23.7

25.3

22.3

7.8

9.4

5.5

6.6

7.4

8.6

28.3

19.7

13.9

6.5

13.1

10.2

16.8

Winter

29.8

22.8

16.6

4.0

13.4

10.3

19.7

Spring

24.5

12.1

14.4

4.9

8.5

9.6

13.2

3.5

2.2

2.3

2.0

2.1

2.2

2.3

4.2

3.7

5.5

2.7

3.2

4.1

4.6

Winter

3.9

3.1

2.1

1.7

2.4

1.9

2.6

Spring

3.4

2.0

1.9

2.2

2.1

2.0

2.0

57.5

68.5

57.0

71.1

69.8

64.0

62.7

48.4

50.4

57.4

65.2

57.8

61.3

53.9

Winter

46.7

46.9

54.6

76.5

61.7

65.6

50.7

Spring

54.6

62.7

56.2

73.1

67.9

64.6

59.5

Winter

25.7

26.0

24.5

25.0

25.7

26.5

25.6

± 0.8

± 0.7

± 1.0

± 0.3

± 0.2

± 0.5

± 0.5

a

a

a

a

a

a

24.9a

Ash
Summer
-1
(mg.g dw) Autumn

Protein
Summer
-1
(mg.g dw) Autumn

Lipid
Summer
-1
(mg.g dw) Autumn

NFE*
Summer
-1
(mg.g dw) Autumn

Abalone
Dry Matter
(% ww)

Summer
Ash
(mg.g-1dw)

Winter
Summer

Protein

Winter

26.3

25.9

24.

24.8

26

25.1

± 0.3

± 0.7

± 0.4

± 0.2

± 0.7

± 0.4

± 0.2

8.5

9.3

10.0

9.5

8.9

8.4

9.4

± 0.2

± 0.5

± 0.8

± 0.5

± 0.4

± 0.2

± 0.6

a

a

a

a

a

a

8.2 a

7.8

8.7

8.7

8.0

7.3

7.6

± 0.8

± 0.4

± 0.1

± 0.5

± 0.3

± 0.5

± 0.6

78.0

77.8

79.1

79.3

83.2

79.0

79.7
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(mg.g-1dw)

± 3.9

± 1.2

± 0.8

± 3.8

± 1.3

Summer 65.2bc 66.0c 70.5abc 67.6bc 81.7ab
Lipid
(mg.g-1dw)

Winter
Summer

NFE*
(mg.g-1dw)

Winter
Summer

± 0.2

± 3.3

85.4a 82.9a

± 6.8

± 1.0

± 4.1

± 4.4

± 1.6

± 1.2

± 2.4

4.7

5.0

4.6

4.9

3.8

4.2

4.1

± 0.1

± 0.2

± 0.0

± 0.2

± 0.1

± 0.2

± 0.1

3.7c

4.9a

4.6ab

4.3abc

3.7bc 4.3abc

4.1bc

± 0.0

± 0.3

± 0.2

± 0.1

± 0.1

± 0.1

± 0.1

8.8

7.9

6.3

6.4

4.1

8.4

6.8

± 3.5

± 1.3

± 0.9

± 3.9

± 0.8

± 0.4

± 2.6

a

a

ab

a

7.3

ab

2.6

b

4.7b

± 1.9

± 1.4

± 2.0

23.2

± 6.4

20.4

± 1.3

16.2

± 4.1

20.1

± 4.5

* NFE = Nitrogen Free Extract, consisting total carbohydrates. See Table 3.1 for diet
compositions. Mean ± SE.

Seaweed fatty acid profiles
Although the range of total lipids did not differ greatly across all seaweed phyla between 2.1 and 3 % of dry weight (Table 3.2) - there are key differences in the ratio
and content of fatty acid categories across the three seaweed phyla and the formulated
feed (Fig. 3.2). There are observable seasonal differences between the
monounsaturated fatty acids (MUFA), saturated fatty acids (SFA), and PUFA contents
of the seaweeds used in this trial; however the relative ratios between these FA
categories remains relatively consistent. Rhodophyta exhibited the highest seasonal
variation, with a dramatic increase in SFA stearic acid (18:0) content during autumn
(Fig. 3.1b), as well as an increase in MUFAs myristoleic acid (14:1n-5) and oleic acid
(18:1n-9) and the SFA. The ratio of MUFA was consistently high in Ulva; 2 fold that
of PUFA and SFA, which was similar to Rhodophyta apart from the spring lipid
increase for the latter. There was an increase of specific fatty acids in Ulva during
summer (Fig. 3.1a), including a doubling of ALA (18:3n-3) and increases in the SFA
palmitic acid (16:0), the MUFA vaccenic acid (18:1n-7), and the PUFAs linoleic acid
(18:2n-6) and arachidonic acid (22:4n-6; Fig. 3.1a). Phaeophyta was more consistent
across seasons and was dominated equally by MUFA and PUFA, which was different
to Rhodophyta and Ulva.
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Figure 3.1: Fatty acid profiles of seaweeds: Ulva (a), Rhodophyta (b) and
Phaeophyta (c), across each season over a 12 month abalone feeding trial.

Abalone fatty acid profiles
The abalone tissue fatty acid composition was significantly different and affected by
the dietary treatments at both 6 months and 12 months into the feeding trial. After 6
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months, over the summer and autumn seasons, there were significant differences in the
MUFA, SFA and PUFA levels of the abalone tissue (Fig. 3.2a). Total fatty acid
content for MUFA and PUFA trended to increase slightly with diets containing a
mixture of seaweeds; however, this was only significantly higher for the PU diet
compared to the U diet, and did not differ in ratio between the three categories of fatty
acids for any feed treatments. Abalone fed the mixed diet PU had some significant
differences: higher MUFA levels than those fed U (F41,5 = 3.32, p = 0.02); higher SFA
levels than those fed U or R (F41,5 = 3.66, p = 0.02); and higher PUFA levels than those
fed any single seaweed species diet (F41,5 = 4.48, p = 0.007). The fatty acid profiles of
the other abalone remained consistent across diets for the first 6 months. But in
summary, despite differences in the seaweed feed composition and fatty acid ratios, the
FA categories in the abalone tissue remained relatively constant.
By the end of the experimental period, after the winter and spring seasons,
there were fewer differences between the MUFA, SFA and PUFA levels of abalone
tissue. The abalone fed U and RU both had a significant increase in MUFA levels
between the 6 and 12 month sampling events, increasing by 16 % (F41,5 = 18.30,
p = 0.003) and 24 % (F41,5 = 6.42, p = 0.04) respectively. There were significantly
higher MUFA levels (F41,5 = 2.68, p = 0.049) in the abalone that were fed RU when
compared to those just fed P or R (Fig. 2b). After 12 months, the levels of PUFA and
SFA in the abalone remained consistent across most of the feed treatments.
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Figure 3.2: Fatty acid profiles of abalone fed various diets after 6 and 12 months
(mean ± SE, n = 6). Dietary treatments sharing the same letter within fatty acid
groups were not significantly different (Tukey’s HSD, p > 0.05). See Table 3.1 for diet
compositions.
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Figure 3.3: Multidimensional Scaling plot of the lipid profiles of abalone fed
different seaweed diets after a 12 month feeding trial. Boxes indicate groups of
significantly different diet treatments (see Table 3.4). See Table 3.1 for diet
compositions.

In contrast to the aggregated categories of SFAs, MUFAs and PUFAs, there
were clearly different specific FA signatures in abalone fed different single phyla
dietary treatments (Fig. 3.3), whereas the mixed diets were much more closely aligned
in FA profile. Abalone that were fed a single phylum of seaweed, particularly
Rhodophyta or Phaeophyta, had a lower MUFA content than those fed a mixed
seaweed diet. The single seaweed species diet U (F41,5 = 4.1, p = 0.01) and similarly,
the Ulva and formulated feed diet (AU; F41,5 = 3.8, p = 0.01), had distinct lipid profiles
to all other diets (Table 3.3).
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Table 3.3: Pair-wise tests on the differences in overall fatty acid profiles in
abalone fed different diet treatments using PERMANOVA analysis.
Diet P
t

R
p

U

t

p
-

t

PR
p

t

PU
p

t

RU
p

t

p

R

1.14 0.28

-

U

3.89 0.02 2.83 0.02

PR

2.49 0.03 1.49 0.19 3.27 0.02

PU

1.84 0.05 1.46 0.19 2.01 0.02 0.97 0.59

RU

2.52 0.03 1.80 0.10 2.74 0.01 1.06 0.35 1.11 0.31

AU

3.03 0.03 2.22 0.10 2.64 0.02 2.08 0.09 1.49 0.18 1.67 0.06

-

-

-

-

-

See Table 3.1 for diet compositions. Significant differences are underlined.

One of the key differences observed between abalone fed single phyla and
mixed species diets was the level of LC n-3 PUFAs and LC n-6 PUFAs. The abalone
fed any of the diet treatments containing Ulva produced 20 % higher amounts of LC n3 PUFAs (F41,5 = 3.24, p = 0.03) than diets containing Rhodophyta and Phaeophyta.
Importantly, there were increased stored levels of the LC n-3 PUFAs α-Linolenic acid
(18:3n-3; ALA), and docosapentaenoic acid (22:5n-3; DPA), and lower levels of LC n6 PUFA adrenic acid (20:4n-6) in the abalone fed Ulva diets than those fed other
seaweeds (Table 3.4). This contributed to lower of the n-6:n-3 ratios in these abalone
(F41,5 = 5.29, p = 0.003; Table 3.5). This difference was reduced in the abalone fed
mixed seaweed diets and not significantly different across any of the other seaweed
dietary treatments. The abalone fed a diet that included formulated feed had increased
levels of the LC n-6 PUFA linoleic acid (18:2n-6; Table 3.4). Abalone fed a diet with
Ulva had consistently lower levels of the omega-6 arachidonic acid (20:4n-6, Table 3.4)
than all other seaweed treatments, which otherwise had higher levels of this fatty acid
than even the formulated feed (which of course included Ulva as well). The level of
the SFA palmitic acid (16:00) also had a significant influence on the overall lipid
profiles of the abalone fed different seaweed diets (Table 3.4). Of note is that Ulva
diets appeared to provide for the highest VLC n-3 PUFA (VLC PUFA) for DPA, EPA
and DHA, although this was not significantly different across treatments.
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Table 3.4: Mean abundance and SIMPER analysis of highest contributing fatty acids to average dissimilarity in abalone fed different dietary
treatment groups after 12 months. Dietary treatments are grouped as AU, U, single phyla diets (SS), and mixed species diets (MX).
U - AU
U - SS
U - MX
SS - AU
AU - MX
SS - MX
Mean abundance (mg.g )
t = 2.6, p = 0.02 t = 3.4, p = 0.003 t = 2.6, p = 0.006 t = 3.0, p = 0.01 t = 1.9, p = 0.003 t = 2.6, p = 0.001
Fatty Acid AU
U
SS
MX
Diss.
%
Diss.
%
Diss.
%
Diss.
%
Diss.
%
Diss.
%
8:0
0.00 2.31 1.11 0.24
0.26
2.72
0.23
2.44
14:0
5.45 5.71 8.70 8.74
0.35
3.68
0.34
3.53
0.37
3.01
0.35
3.38
15:0
5.72 6.47 6.52 7.24
0.22
2.07
0.20
2.13
16:0
98.21 90.17 82.42 98.37
0.90
0.95
1.06
1.80
1.03
1.78
9.47
10.02
11.20
14.71
9.81
18.63
18:0
30.18 28.62 25.72 30.20
0.32
3.41
0.36
3.79
0.40
4.18
0.51
4.17
0.39
3.69
0.52
5.41
18:0DMA 54.87 50.53 50.44 54.67
0.50
0.58
0.65
0.53
0.73
5.27
0.44
4.68
6.13
5.29
5.03
7.66
18:1n-7
24.31 26.32 24.63 27.82
0.29
3.10
0.24
2.56
0.23
2.45
0.27
2.18
0.41
3.95
0.39
4.07
18:1n-9
34.74 26.87 34.69 30.68
1.05
0.63
0.76
0.96
0.78
11.04
0.93
9.86
6.64
6.19
9.12
8.16
18:2n-6
22.45 9.88 9.59 10.94
1.39
0.20
2.13
1.45
1.31
0.22
2.31
14.69
11.83
12.45
18:3n-3
6.58 7.42 1.85 3.59
0.18
1.87
0.65
0.43
0.54
4.40
0.33
3.14
0.20
2.08
6.88
4.50
18:4n-3
3.17 3.42 1.75 2.63
0.20
2.07
20:2n-6
2.28 1.47 0.68 0.18
0.20
2.11
0.24
2.27
20:3n-6
4.07 2.27 2.26 3.35
0.20
2.13
20:4n-6
24.03 22.70 33.03 34.96
0.19
2.03
1.20
1.35
1.02
1.17
0.42
4.45
12.73
14.26
8.31
11.16
20:5n-3
31.65 35.65 29.19 32.86
0.45
0.78
0.38
4.03
0.44
3.59
0.32
3.04
0.52
4.73
8.20
5.42
22:1n-9
7.95 3.08 2.83 7.90
0.55
0.54
0.58
0.23
2.18
0.57
5.75
5.68
4.75
5.96
22:2n-6
0.00 2.13 0.52 0.17
0.24
2.51
0.22
2.31
22:2NMI 22.81 21.00 20.50 22.06
0.22
2.30
0.19
2.03
0.29
2.40
0.21
2.03
0.25
2.65
22:5n-3
39.25 42.13 41.24 44.44
0.33
3.48
0.33
3.47
0.41
0.36
2.90
0.59
0.54
4.32
5.65
5.62
22:6n-3
5.47 4.83 4.25 4.12
0.12
1.24
0.11
1.17
0.17
1.37
0.16
1.51
-1

Overall between group significant differences are shown with t and p values, along with the average dissimilarity in each fatty acid between groups and their
percentage contribution to the differences. Groups with an average dissimilarity index >1 are underlined. Only fatty acids that contributed over 2 % to average
dissimilarity are displayed, and those that collectively contributed to 50 % of total dissimilarity are in bold.
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Table 3.5: Fatty acid composition from the total lipid contents (mg.g-1) of the abalone fed different diets after 12 months (mean ± SE, n = 6).

Fatty Acid
6:0
8:0
10:0
11:0
12:0
14:0
14:1n-5
15:0
15:1n-5
16:0
16:1n-7
17:0
16:2n-4
18:0
17:1n-7
16:3n-4
18:0
18:1n-9 t
18:1n-7 t
18:1n-9

Diet Treatment
AU
U
0
1.68
0
2.31
0
0
0.63 ± 0.63
1.02
0
0
5.45 ± 0.08
5.71
0
0
5.72 ± 1.01
6.47
0
0
98.21 ± 2.48
90.17
3.81 ± 0.44
4.32
5.95 ± 0.48
7.10
0
0
54.87 ± 1.54
50.53
0
0.79
0
0.26
±
1.23
30.18
28.62
±
0.82
1.64
0.51
0
0
±
4.90
34.74
26.87

R
± 0.53
± 0.22

± 0.31

± 0.22

± 0.2

± 1.11
± 0.14
± 0.22

± 0.72
± 0.24
± 0.16
± 1.21
± 0.22

± 1.57

P
0.33
0.50
0.28
0.67
0
7.83
0.70
8.16
0
82.75
5.22
6.71
0
50.44
1.71
0
25.30
1.63
0
34.11

± 0.33
± 0.50
± 0.28
± 0.36

± 0.37
± 0.03
± 0.67

± 3.98
± 0.27
± 0.40

± 4.18
± 0.12

± 1.25
± 0.06

± 2.46

PU
0.38
1.53
1.32
0.84
0
9.52
0.23
5.48
0.48
81.61
5.28
5.47
0
51.25
1.44
0.23
25.64
0.89
0
33.44

± 0.38
± 0.12
± 0.20
± 0.08

± 0.26
± 0.23
± 0.09
± 0.48
± 1.90
± 0.13
± 0.3

± 1.77
± 0.16
± 0.23
± 1.02
± 0.52

± 0.71

0
0
0.74
1.57
0
8.66
0
5.59
0
94.49
4.82
6.56
0
52.94
0.31
0
29.26
0.35
0
26.19

PR

± 0.37
± 0.79

± 0.48

± 0.32

± 6.37
± 0.32
± 0.39

± 3.88
± 0.31

± 2.03
± 0.35

± 1.79

0
0.35
0
0.29
0
9.57
0.26
7.16
0
92.55
5.45
6.56
0
53.69
1.42
0
27.91
0.64
0
30.76

RU
± 0.35

± 0.29

± 0.17
± 0.26
± 0.41

± 2.33
± 0.08
± 0.03

± 1.58
± 1.05

± 1.17
± 0.32

± 2.21

0
0.45
0.67
0.72
0
8.33
0.24
8.66
0
107.45
5.17
7.89
0
58.69
2.34
0
34.00
1.62
0
35.3

± 0.45
± 0.34
± 0.37

± 0.69
± 0.24
± 0.61

± 10.08
± 0.67
± 0.47

± 4.48
± 1.68

± 3.45
± 0.33

± 6.01
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18:1n-7
18:2n-6 t
18:2n-6
18:3n-6
18:3n-4
18:3n-3
20:0
18:4n-3
20:1n-13
20:1n-11
20:1n-9
20:2n-6
20:3n-6
20:4n-6
20:3n-3
22:0
20:4n-3
22:1n-11
22:1n-9
20:5n-3
22:2NMI
22:2n-6
22:3n-3
22:4n-6

24.31
0
22.45
0.55
3.35
6.58
0
3.17
7.14
0.92
2.24
2.28
4.07
24.03
0
3.99
2.64
0.25
7.95
31.65
22.81
0
0
3.22

± 1.57

± 6.15
± 0.28
± 0.59
± 1.06

± 0.54
± 0.34
± 0.54
± 1.12
± 1.14
± 0.14
± 0.25

± 0.31
± 0.18
± 0.25
± 1.24
± 1.66
± 0.92

± 0.23

26.32
0.14
9.88
0.55
4.50
7.42
1.15
3.42
7.43
0.69
2.14
1.47
2.27
22.70
0
3.70
1.41
0
3.08
35.65
21.00
2.13
0
3.88

± 0.31
± 0.14
± 0.31
± 0.25
± 0.16
± 0.23
± 0.34
± 0.14
± 0.17
± 0.31
± 0.23
± 0.13
± 0.15
± 0.59

± 0.25
± 0.16

± 0.30
± 0.45
± 0.37
± 0.33

± 0.41

24.92
0
9.19
0.69
3.25
1.57
0.24
1.66
6.89
1.21
1.68
0.52
2.23
33.96
0
1.80
2.22
0
2.38
30.17
20.46
0.22
0
5.06

± 1.46

± 0.78
± 0.10
± 0.04
± 0.18
± 0.24
± 0.18
± 0.53
± 0.3
± 0.08
± 0.28
± 0.2
± 2.98

± 0.15
± 0.61

± 0.31
± 2.85
± 1.47
± 0.22

± 0.48

24.57
0
10.08
0.91
3.24
2.12
0.73
1.59
6.34
1.48
1.64
0.87
2.20
32.68
0
2.69
1.51
0
3.19
28.50
20.96
0.70
0.27
4.16

± 1.13

± 0.06
± 0.22
± 0.04
± 0.10
± 0.38
± 0.09
± 0.31
± 0.17
± 0.15
± 0.15
± 0.13
± 0.68

± 0.11
± 0.20

± 0.12
± 1.43
± 0.37
± 0.13
± 0.27
± 0.18

27.03
0
9.97
0.36
3.71
4.76
1.75
3.03
7.18
1.24
1.27
0
2.64
31.76
0
2.27
1.78
0
8.20
31.46
21.49
0
0
5.11

± 1.92

± 0.86
± 0.36
± 0.29
± 0.36
± 0.38
± 0.29
± 0.43
± 0.63
± 0.65

± 0.28
± 1.18

± 1.14
± 0.37

± 0.7
± 2.02
± 1.26

± 0.63

27.09
0
10.27
0.35
3.92
2.09
1.44
2.18
7.82
1.23
2.30
0.59
3.46
37.4
0
2.46
2.32
0
6.97
31.85
22.13
0
0
5.00

± 0.05

± 0.49
± 0.35
± 0.13
± 0.16
± 0.41
± 0.24
± 0.22
± 0.32
± 0.31
± 0.3
± 0.13
± 0.83

± 1.24
± 0.06

± 2.04
± 0.77
± 0.26

± 0.09

29.35
0
10.59
1.23
4.31
3.83
0.85
2.78
8.01
0.92
2.18
0
3.81
35.92
0
2.92
2.29
0
8.23
34.87
23.1
0.56
0
4.88

± 1.93

± 1.28
± 0.40
± 0.17
± 0.46
± 0.85
± 0.15
± 0.24
± 0.62
± 0.21

± 0.26
± 1.91

± 0.31
± 0.65

± 1.01
± 1.85
± 1.63
± 0.56

± 0.20
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22:5n-6
24:1n-9
22:5n-3
22:6n-3
MUFA
SFA
PUFA
n-6
n-3
n-6/n-3
EPA/DHA

0
0
39.25
5.47a
205.00ab
83.00
171.51
56.61a
88.74ab
0.65a
7.47d

± 1.27
± 0.67
± 4.30
± 4.50
± 3.41
± 6.58
± 3.60
± 0.10
± 1.22

0.32
0
42.13
4.83ab
198.46ab
72.15
163.96
43.34b
94.86a
0.46b
8.77cd

± 0.20

± 0.54
± 0.18
± 1.64
± 1.54
± 1.69
± 1.39
± 0.51
± 0.01
± 0.35

0
0
40.74
3.45b
185.01b
80.46
155.39
51.87ab
79.81b
0.65a
11.87ab

± 2.94
± 0.21
± 9.60
± 3.83
± 9.92
± 3.47
± 5.78
± 0.04
± 0.84

0.42
0
42.15
5.10ab
186.46b
78.98
157.70
52.03ab
81.24b
0.64a
8.34cd

± 0.42

± 1.05
± 0.39
± 4.45
± 3.19
± 4.80
± 1.15
± 3.09
± 0.01
± 0.48

0.43
0
43.39
4.73ab
203.82ab
76.59
164.62
50.28ab
89.15ab
0.56ab
9.17bcd

± 0.43

± 3.26
± 0.31
± 13.39
± 6.00
± 10.31
± 3.00
± 5.83
± 0.01
± 0.33

0
0
42.64
3.85b
201.97ab
83.93
168.05
57.07a
84.92ab
0.67a
11.09a

± 1.37
± 0.03
± 4.28
± 1.15
± 2.13
± 1.20
± 1.83
± 0.02
± 0.33

0
0
47.69
3.98b
230.64a
93.35
179.86
57.00a
95.45a
0.60a
12.01abc

± 3.12
± 0.25
± 18.36
± 10.66
± 8.85
± 2.14
± 5.39
± 0.02
± 0.72

Dietary treatments sharing the same letter were not significantly different (Tukey’s HSD, p > 0.05). See Table 3.1 for diet compositions.
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Discussion
The diet of the Australian hybrid abalone (H. laevigata x H. rubra) has a direct
influence on their fatty acid profiles. Despite the seasonal differences observed across
the dietary treatments, after 12 months, the abalone showed categorical differences in
their fatty acid profiles. This is consistent with previous studies that have also shown a
correlation between diet and the lipid content and fatty acid profiles of abalone
(Mercer et al. 1993, Nelson et al. 2002; Su et al. 2004; 2006; Mateos et al. 2010; 2012).
The lipid content of the seaweeds used in this trial changed seasonally. The
seaweed used in this trial was naturally sourced beach cast from around Port Phillip
Bay and reflects the natural diet of the wild abalone in this area. Ulva had a higher
lipid content in summer than at any other time of the year, largely due to a doubling of
ALA. Rhodophyta had a higher lipid content during autumn, while Phaeophyta
maintained a relatively consistent lipid content across the year. This should be another
important consideration when selecting seaweed as a potential feed source for abalone.
Differences in the fatty acid profiles of the seaweeds affected the lipid content
of the abalone. Ulva contained much higher levels of ALA than the other seaweeds;
corresponding to higher levels of ALA and other LC n-3 PUFAs in the abalone fed
Ulva, singularly or in combination.
Abalone are able to synthesise certain fatty acids from essential fatty acids. For
example, none of the seaweed diets contained DHA, however, the abalone were able to
convert shorter chain n-3 and DHA appeared in the fatty acid profile of their tissues.
This was further demonstrated by the consistent levels of MUFA, SFA and PUFA
across the abalone despite differing diet treatments, indicating that the abalone are able
to metabolise fatty acids from various sources in order to maintain their balanced
aggregated lipid profile.
The shift away from LC n-3 PUFAs and toward long-chain n-6 polyunsaturated
fatty acids (LC n-6 PUFAs) in aquaculture species fed formulated feed from terrestrial
crops is a growing issue. The western diet is increasingly limited in LC n-3 PUFAs,
which could have negative human health and nutrition outcomes (Meyer 2003). The
abalone in this trial fed a diet that contained formulated feeds produced tissue with
higher levels of LC n-6 PUFAs. A concurrent study (Mulvaney et al. 2015) showed the
amount of LC n-6 PUFAs in abalone tissue increased incrementally with increasing
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proportions of formulated feed content in their diet. With a growing trend away from
wild caught species as seafood, it is increasingly important to maintain the balance of
fatty acids in aquacultural species through the manipulation of their diet.
The abalone fed Ulva had higher levels of LC n-3 PUFAs than those fed any
other combination of seaweed. Ulva is widely used in certain countries as the primary
feed for abalone. It is also increasingly used as a part of integrated multi-trophic
aquaculture (IMTA) systems, and can be easily cultivated. Seaweeds have been
cultured with enhanced lipid composition by optimising growing conditions
(McCauley et al. 2014) and regulating the CO2 and nitrogen supply (Gordillo et al.
2001). Such seaweed culture technologies could further improve the lipid profiles of
abalone. A previous study (Mulvaney et al. 2013) showed that by increasing the
protein content of Ulva through nutrient regimes, it is possible to increase the growth
rates of juvenile abalone. These results suggest that Ulva is a good candidate species
for use in abalone aquaculture, and further development should aim to manipulate its
fatty acid profile to suit both abalone and human nutrition.
This study adds further weight to the importance of considering the
bioavailability of appropriate fatty acids in the diet of farmed abalone. Certain PUFAs,
such as ALA, DPA, EPA and DHA, cannot be synthesised by humans and must be
obtained from dietary sources. While abalone tissue has lower EPA and DHA levels
than other seafood, it still has good levels of these essential LC n-3 PUFAs that are
beneficial for human nutrition. This study has shown that certain seaweed diets are
able to increase the level of these important n-3 PUFAs in cultured abalone and can
therefore increase the health benefits for human consumption.
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Chapter 4: Cost benefit analysis of offshore versus
onshore abalone culture utilising seaweed and/or
formulated feeds

Abstract
It is important to establish the base line cost projections for developing new
aquaculture systems and determine the main drivers that can ensure profitability. The
costs of setting up and operating a trial offshore abalone culture system and the
production data from this trial (Chapter 1) were used to make assumptions about the
cost benefit of this system. These assumptions were overlayed on top of an adapted,
established cost benefit model. The purpose of this cost benefit analysis was to identify
how the increased costs of reduced growth rates offshore versus reduced costs of feed
and increased survival might affect the outcomes. The outcomes showed that the feed
technology was pivotal in determining the viability of offshore production systems,
with formulated feed systems currently being financially prohibitive due to increased
feed costs, maintenance and travel time compared to onshore systems. However, if
seaweed feeds are used the labour and travel costs can be reduced substantially and
improve the viability over land based systems with the current assumptions.

Introduction
Abalone aquaculture is a growing industry in Australia. The abalone industry in the
state of Victoria was worth $8.58 million in 2009/10 (O’Sullivan and Savage 2012).
The Australian abalone aquaculture industry primarily relies upon land based raceway
culture systems, which utilise graded shallow troughs that are inside sheds or shade
cloth enclosures (Allsop 2001). The growth of this industry on land is significantly
limited by space, however, the Victorian government has allocated large amounts of
open water in marine aquaculture zones to expand offshore farming/culture systems.
While there are several barrel or sea cage offshore systems currently operating in
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Australia (Maguire 2001), there has been a growing demand for further development
of the industry into the offshore environment. Thus, it is increasingly important to
develop efficient production technologies for offshore culture, while also limiting the
environmental impacts of aquaculture (Halwart et al. 2007).
There are specific costs associated with offshore systems such as travel time
and fuel costs, infrastructure challenges as well as feeding practicalities, and a lack of
control over temperature especially during winter, although it can be of benefit during
hot summers compared to land systems. Offshore systems are known to have low
initial capital costs but high ongoing costs (Forster 1996). In contrast, land based
systems are very capital intensive at the start and land is a limiting resource. However
the scenarios of offshore versus onshore faring systems has been poorly explored and
is also specific to geographic regions; so it is important to test production and identify
the benefits and challenges in different regions.
There are a number of potential solutions to the specific challenges of offshore
systems. Kirkendale et al. (2010) discussed the use of seaweed feeds in Australian
abalone culture as a way to reduce operating costs, improve abalone performance and
improve the environment and life cycle performance of abalone farming. Recent work
has shown that the increased survival levels of abalone in offshore culture can offset
their reduced growth rates when compared to raceway systems (see Chapter 1). The
purpose of this cost benefit analysis is to synthesise this recent research to test the
scale of specific benefits that can be achieved, as well as costs, of offshore systems
using formulated feeds or seaweed feeds compared to land based raceway systems in
Port Phillip Bay, Victoria.

Assumptions
In order to analyse the potential returns, the total annual costs for producing 100
tonnes of abalone in an offshore system, using either formulated feed or seaweed feed,
was calculated. This was compared to a previous study that analysed the potential
returns for a land based abalone raceway system that utilised formulated feeds (Table
4.1; Weston et al. 2001). A pilot scale offshore culture system for abalone, trialled
over a 12 month period (see Chapter 1), provided the baseline data and the assumed
grow-out time, specific growth rate (SGR), feed conversion ratio (FCR) and survival
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for this analysis (detailed in Table 4.1). The FCRs from the trial system were
overestimated to include the total feed that was required to ensure that it was available
between cage servicing. The assumed capital and ongoing costs of the trial system, in
terms of an offshore lease (30ha with 100 long lines for 20 years), long lines
(including anchors, floats, ties and cost to lay), cages, boat use, diesel fuel, labour, and
feed costs, was also calculated from the pilot trial (Chapter 1). The cost of formulated
feed was priced at $2.75 kg-1. The cost of seaweed was estimated to be $1.70 kg-1 (dry
weight), based on the time taken to manually collect and clean beach cast seaweed.
This was adjusted for a scaled up scenario of each of the trial systems. Based on
approximations of the time taken to service each of the trial cages, it was assumed that
it would require four boats with crews of three people to service the required number
of cages within a 40 hour working week when the abalone are fed a formulated feed.
This was reduced to one boat with a crew of three people, working a 40 hour week, to
reflect the reduced feeding and servicing required when the abalone are fed seaweed.
From these assumptions, the annual profitability of different culture systems
was calculated for a 20 year period. The assumed market price of $46 kg-1 from
Weston et al. 2001 was updated to the more recent market price assumption of $26.52
kg-1 that was sourced from EconSearch Pty Ltd 2011. Because of slower growth rates,
the abalone fed seaweed feed in the offshore trial system didn’t reach marketable size
until after 3 years. As such, it was assumed that within this system there would be no
gross income during the first two years of operation.
It should be noted that this information does not represent the full range of
production and financial conditions experienced by actual abalone farm operations; we
can only provide an approximation of these technical and financial systems. The
results give an indication of the main costs and returns involved with abalone farming
and the viability of the different systems.

107

Table 4.1: Assumptions of abalone production values for a land-based raceway
culture system and an offshore culture system.
Raceway
system1
Total farm production (t year-1)
Initial size
Size at harvest
Grow-out time (months)
SGRA
FCRB
Survival (%)
Feed price (A$ kg-1)
Market price3 (A$ kg-1)

100
20cm
70cm
27
0.15
1.4
80
2.40
26.52

Offshore
trial system2
Formulated Feed Seaweed Feed
100
100
38g
38g
75g
75g
14
46
0.24
0.07
4.0
8.0
85
85
2.75
1.70
26.52
26.52

A

Specific growth rate (SGR) = percentage wet weight growth per day.

B

Feed conversion ratio (FCR) = ratio of feed required (kg) to produce 1 kg of abalone.

1

Sourced from Weston et al. 2001.

2

Sourced from Chapter 1.

3

Sourced from EconSearch Pty Ltd 2011.

Results
An outline of the total capital and ongoing costs is detailed in Table 4.2. Many cost
assumptions are consistent across the systems, as much of the administration,
marketing, security and production costs will be similar regardless of the culture
system used.
The initial capital costs are higher of land based raceway systems compared to
the offshore trial system. While the cost for an offshore lease is quite high, the system
of long lines and cages is far cheaper than purchasing land, the grow-out tanks, water
delivery system and power generation. The capital costs in the offshore trial system are
slightly higher when the abalone are fed formulated feeds as opposed to seaweed feeds
because a four fold increase in cage maintenance and feeding rate is facilitated by three
extra boats.
The ongoing costs for the land based raceway system are cheaper than the
offshore trial system when the abalone are fed formulated feeds, but more expensive
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than the offshore system using seaweed feeds. This is largely because of the higher
FCRs of abalone fed formulated feeds in the offshore trial system. The high fuel and
labour costs in this scenario are due to the increased maintenance levels required for
regular offshore feeding associated with the feed stability. By comparison, the fuel and
labour costs in the offshore trial system when the abalone are fed seaweed are
significantly lower.
The overall profitability of the various systems are detailed in Table 4.3.
Obviously, the market price of abalone significantly influences the profitability of the
culture system. Using the abalone market price figure of $26.52 kg-1, the offshore trial
system using seaweed feeds is the most profitable, while the same system using
formulated feeds will always operate at a loss. The return on investment for the
offshore trial system using seaweed feeds occurs after 11 years as opposed to 18 years
in the land based raceway system.

Table 4.2: Capital and operational cost comparison of a land-based raceway
culture system and an offshore culture system.
Raceway System1
Item
Capital Costs (A$)
Land
Buildings (inc. workshop,
office, pump shed)
Grow-out tanks and shade
Water delivery system
Coarse filtration system
Three phase power
Backup facilities
Compressor
Laboratory facilities
Generator
Security
Grading equipment
Office equipment
Safety equipment
Temperature regulation
Miscellaneous
Lease (30ha, 100 long

Offshore trial system1
Formulated Feed Seaweed Feed

50 000
200 000
2 100 000
400 000
50 000
15 000
5 000
15 000
20 000
30 000
30 000
10 000
15 000
2 500
15 000
30 000

10 000
15 000

10 000
15 000

30 000
260 0002

30 000
260 0002
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lines, 20 years)
Long lines (inc. anchors,
floats, ties and cost to lay)
Cages
Boat(s)
Total
Operating Costs (A$)
Juvenile abalone
Freight
Marketing
Administration costs (inc.
site lease and licence)
Repairs and maintenance
Miscellaneous
Security
Electricity and fuel
LabourA
Feed
Total
A

314 0002

314 0002

2 987 500

77 7002
1200 0002
1 906 700

77 7002
300 0002
1 006 700

1 110 700
15 000
200 000

1 110 700
15 000
200 000

1 110 700
15 000
200 000

35 000
7 500
75 000
177 6322
790 4002
989 6432
3 400 875

35 000
7 500
75 000
44 4082
197 6002
356 8712
2 042 079

100 000
35 000
7 500
75 000
250 000
350 000
336 500
2 479 700

10-12 people full time at the raceway system, 12 at the offshore trial system with formulated

feeds and 3 at the offshore trial system with seaweed feed.
1

Sourced from Weston et al. 2001.

2

Sourced from Chapter 1.

Table 4.3: Net profitability of a 100 tonne abalone farm utilising different culture
systems and feeds over 20 years.
Raceway System

Offshore trial system
Formulated Feed Seaweed Feed

Abalone Market Price1 (A$)

26.52

26.52

26.52

2 652 000

2 652 000

2 652 000

Year 1

-2 815 200

-2 055 575

-3 048 779

Year 5

-2 126 000

-5 051 075

-3 261 095

Year 10

-1 264 500

-8 795 450

-211 490

Year 20

458 500

-16 284 200

5 887 720

18

Never

11

Annual Gross Profit (A$)
Net Profit (A$)

Payback Period (years)
1

Sourced from EconSearch Pty Ltd 2011.
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Discussion
The offshore trial system that utilised seaweed feed provided the best cost benefit
scenario using the 2011 market price. The payback period was 39 % faster than the
land based raceway system. While this result utilised trial data and some out of date
costings, the direct comparison between offshore culture that incorporates seaweed
feeds and the land based raceway system shows that future offshore abalone culture
systems should be more profitable than their land based counterparts over the long
term, but that the feed technology is pivotal in determining this outcome. This analysis
will provide important baseline data for further development of this industry, and
demonstrates that the further optimisation of seaweed production and nutrition for
abalone feeds can be crucial for this industry.
The production data used in this analysis came from an experimental trial that
had slower growth rates of the land-based abalone than seen in current land-based
raceway systems. The annual growth of the abalone fed seaweed in the offshore
system was three times slower than those in the land based raceway system. This
indicates that to reach a similar marketable size as the onshore system, abalone would
have to remain offshore for three times as long, significantly increasing the operational
costs over this time frame. However, these costs could be reduced with the
development of more efficient feeds that stimulate better growth, as well as feeding
regimes that require little maintenance. We predict that seaweeds will play an
important role in reducing costs and maintenance while simultaneously increasing the
nutritional value of abalone (Mulvaney et al. 2015). Abalone fed seaweeds have a
different taste to those fed formulated feeds (Cochet et al. 2013) as well as improved
Omega-3 profiles, and therefore have the potential to gain a higher market price more
closely related to the market price of wild caught abalone (Ocean Grown 2013). If the
seaweeds that are used for abalone feed are sourced or produced locally then the net
nutrient input into the local environment would be zero. The lifecycle analysis of the
different methods needs to be considered further, but the assumption here is that
seaweed fed abalone will have improved sustainability credentials. Producing seaweed
feeds at a lower cost is achievable through better collection techniques of beach cast
seaweed where this is abundantly available and sustainably harvested, or by the
cultivation of fast growing, nutritious seaweeds (Kirkendale et al. 2010).
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The increased feeding and maintenance costs associated with using formulated
feed in the offshore trial system significantly reduces the profitability of the system.
The development of cost effective formulated feeds that can withstand the turbulence
of offshore abalone culture is currently being explored. Formulated feeds that include
seaweed may form provide a better alternative. The high labour costs in Australia
compared to other abalone producing nations might be offset by increasing
mechanisation (Halwart et al. 2007). For example, the effectiveness and efficiency of
the use of formulated feeds in offshore culture systems could be enhanced through the
use of surface feeding systems that could pump feed directly into the cages (O’Brien
1996a,b).
In order to provide a competitive alternative to current land based abalone
farming techniques, offshore culture systems need to be developed that have
significantly lower operational costs. The experimental trial offshore system (Chapter
1) was very labour intensive, particularly as it was on a small scale with a low budget.
A more commercial venture could explore other cage culture systems that could be
used more efficiently offshore.
The results presented here suggest a promising future for the development of
offshore abalone culture systems in Australia. Despite the reduction in growth rate,
seaweed feeds can be incorporated into these systems to significantly increase their
profitability over the long term.
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General Conclusions
Offshore production of abalone in a South Eastern Australian climate is feasible
compared to land-based production systems, despite slower annual growth rate
averages due to increased survival and reduced labour and energy costs associated with
feeding abalone with seaweed. Based on the results herein, further expansion of the
Australian abalone aquaculture industry into offshore environments will be reliant on
the development and utilisation of seaweed feeds. Over extended periods of time,
seaweed diets deliver viable cost effective options for the grow-out stages of abalone
culture. Of all the seaweed phyla and phyla blends tested here, a combination diets of a
seaweed with artificial feed seems optimal. However the different phyla of seaweeds
resulted in different nutritional profiles and different growth and fatty acid profiles of
the abalone. Specifically red seaweeds appear to be beneficial for good growth rates,
but it is unknown which species of red seaweeds in particular account for the enhanced
growth in this trial. Green seaweeds are also very available and could be tailored to
provide increased nutritional value and hence growth rates. Ulva seaweeds delivers the
best omega-3 profiles, offsetting and changing the n-6:n-3 ratio significantly and for
the better in a world dominated by omega-6 rich diets. This could be used further in
the marketing of and differentiation of abalone product, just like specific breeds or
hybrids are marketed in this high value seafood trade today. So offshore cultivation
systems with red and artificial feed combinations with a polishing diet of Ulva might
product the most sustainable and cost effective production and marketable product.
Abalone fed seaweed also contain greater levels of omega-3 fatty acids in their tissue,
which are required in a healthy human diet, and taste more like wild caught abalone.
Seaweed feeds that are grown or sourced locally also reduce the overall environmental
impact of an abalone culture operation, as the total inputs into the system are minimal.
For these reasons, offshore abalone culture that utilises seaweed feed should be further
developed and optimised for Australian abalone.
Current formulated feeds are inadequate to provide the efficiencies required for
offshore abalone culture. The cost benefit analysis within this thesis highlights that the
increased feeding and maintenance costs of using formulated feeds in offshore abalone
culture systems are currently prohibitive. Further research into the stability of
formulated feeds in water would reduce the high level of maintenance required for
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such systems. However, it is important to still provide a feed that is digestible,
nutritious, has positive health effects, and produces good growth outcomes. This
research has shown that seaweed feeds can, in part, provide these benefits. Selected
seaweeds could be utilised within formulated feeds, or could be used in conjunction
with formulated feeds, in order to deliver positive production outcomes.
The land based abalone culture systems that are currently used across Australia
have been developed over decades and are highly efficient. They are, however,
restricted by their utilisation of formulated feeds. This study has shown that seaweed
feeds can provide positive health and growth outcomes for abalone, as well as
increasing their nutritional value for human consumption. With further exploration of
Australia’s diverse endemic seaweeds, optimisation of pure, mixed, or supplementary
seaweed feeds could occur within abalone culture. There is scope to incorporate these
seaweeds into formulated feeds, or use them in conjunction, and the use of seaweeds in
offshore abalone culture systems can produce abalone in an economically and
environmentally efficient manner. There is also the potential to develop a production
system that incorporates both the onshore and offshore based culture systems for
specific seasons or grow-out stages of the abalone in order to maximise effectiveness
and efficiency. With further optimisation of offshore culture systems and seaweed
feeds, there should be a viable alternative to the increasingly expensive and
environmentally unsustainable land based systems.
One of the main challenges of utilising seaweed feeds in Australian abalone
culture systems is the availability of the seaweed. While the seaweed industry is worth
$6 billion worldwide, it is very limited within Australia. However, there is a growing
trend towards utilising the dynamic variety of endemic seaweeds found in Australia for
a variety of uses. Traditionally, the use seaweed as an aquafeed has required
substantial amounts of seaweeds that are often beach cast to limit costs. However, by
targeting certain seaweed species and culturing them, the outputs and subsequent
income could increase significantly. By promoting seaweed as an aquafeed, the
seaweed industry could become more attractive to investors by diversifying the range
of seaweed products beyond human consumption. Seaweed culture can also be
incorporated into other types of aquaculture, in the sense of bioremediating the water
and providing nutrient for the seaweed. This not only offers a useful aquafeed product
that can be fed back to the aquaculture species, it reduces negative environmental
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impacts of aquaculture and better reflects the natural ecosystem. These ecosystem
services may add further revenues, where environmental subsidies apply. Offshore
integrated multi-trophic aquaculture (IMTA) systems have been widely researched and
utilised in other countries but are in their infancy within Australia. Future development
of seaweed culture should target species that can be used within offshore abalone
culture systems.
This study has provided baseline information for future offshore abalone
culture developments within south-eastern Australia. It highlights the benefits of using
seaweed feeds, and concomitantly the limitations of using formulated feeds, within
offshore culture systems. The diet of abalone can have significant impacts upon the
health of the product, in terms of human consumption and nutrition. By further
developing the offshore capability of aquaculture systems and utilising natural feed
inputs, the Australian abalone industry can continue to grow in an environmentally and
economically efficient way.
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Appendix A
Contribution of Other Authors
Chapter 2: Mulvaney, W.J., Jahangard, S., Ingram, B.A, Turchini, G.M., and Winberg,
P.C. (2015). Recovery of omega-3 profiles of cultivated abalone by dietary macroalgae
supplementation. Journal of Applied Phycology 27 (5): 2163-2171.

Percentage
Author
W.J. Mulvaney

S. Jahangard

B. Ingram

Contribution
Ran experiment
Wrote manuscript
Helped during experiment
Set up funding
Directed experiment

Contribution

Signature

80 %

2%

3%

Ran proximate composition
G.M. Turchini

and fatty acid analysis

5%

Edited manuscript
P.C. Winberg

Directed experiment
Edited manuscript

10 %
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Appendix B

Fatty acid composition of abalone tissue from the total lipid contents (%) of the
experimental diets (mean ± SE, n = 6).
Fatty Acid
6:0
8:0
10:0
11:0
12:0
14:0
14:1n-5
15:0
15:1n-5
16:0
16:1n-7
17:0
16:2n-4
18:0DMA
17:1n-7
16:3n-4
18:0
18:1n-9 t
18:1n-7 t
18:1n-9
18:1n-7
18:2n-6 t
18:2n-6
18:3n-6
18:3n-4
18:3n-3
20:0
18:4n-3
20:1n-13
20:1n-11
20:1n-9
20:2n-6
20:3n-6
20:4n-6

A
0.39 ±0.10
0.33 ±0.05
0.11 ±0.05
0.38 ±0.04
0.05 ±0.03
1.37 ±0.03
0.13 ±0.06
0.94 ±0.02
nd
20.46 ±0.33
0.91 ±0.05
0.94 ±0.02
nd
10.81 ±0.17
0.04 ±0.02
0.08 ±0.05
7.06 ±0.29
0.53 ±0.03
0.01 ±0.01
9.65 ±0.45
4.54 ±0.10
nd
7.85 ±0.18
0.34 ±0.10
0.78 ±0.10
1.13 ±0.05
0.42 ±0.13
0.02 ±0.02
1.55 ±0.05
0.15 ±0.06
1.02 ±0.04
1.00 ±0.04
0.65 ±0.03
3.98 ±0.10

B
0.00 ±0.00
0.05 ±0.05
0.08 ±0.05
0.09 ±0.06
0.03 ±0.03
1.25 ±0.05
0.45 ±0.02
0.97 ±0.07
0.06 ±0.04
19.68 ±0.12
0.88 ±0.04
1.01 ±0.05
nd
13.03 ±0.16
0.1 ±0.10
0.15 ±0.15
5.76 ±0.10
0.54 ±0.01
nd
9.01 ±0.21
5.15 ±0.12
nd
9.12 ±0.52
0.42 ±0.06
0.62 ±0.03
1.30 ±0.05
nd
0.43 ±0.03
1.93 ±0.06
nd
0.67 ±0.04
0.98 ±0.08
0.69 ±0.03
4.09 ±0.11

AU
0.14 ±0.09
0.43 ±0.14
0.07 ±0.05
0.39 ±0.10
0.06 ±0.04
1.18 ±0.03
0.42 ±0.01
1.17 ±0.02
0.03 ±0.03
20.06 ±0.17
0.91 ±0.02
0.99 ±0.03
nd
12.32 ±0.20
0.13 ±0.13
nd
5.82 ±0.08
0.45 ±0.03
nd
8.67 ±0.14
5.57 ±0.12
nd
7.16 ±0.49
0.48 ±0.04
0.73 ±0.03
1.68 ±0.07
0.06 ±0.04
0.64 ±0.04
1.84 ±0.03
0.05 ±0.03
0.61 ±0.02
0.63 ±0.03
0.62 ±0.04
3.91 ±0.08

U
0.97 ±0.38
2.20 ±0.54
0.37 ±0.16
1.24 ±0.17
nd
5.70 ±0.18
2.03 ±0.05
5.28 ±0.09
nd
81.21 ±1.80
5.52 ±0.22
4.91 ±0.10
nd
43.94 ±1.21
1.38 ±0.10
0.37 ±0.26
24.62 ±1.43
1.21 ±0.16
nd
31.78 ±1.32
26.09 ±0.53
nd
13.30 ±0.25
1.10 ±0.18
3.93 ±0.14
9.47 ±0.86
0.57 ±0.23
4.84 ±0.44
8.74 ±0.25
nd
1.75 ±0.07
1.33 ±0.16
2.57 ±0.16
15.28 ±0.22
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20:3n-3
22:0
20:4n-3
22:1n-11
22:1n-9
20:5n-3
22:2NMI
22:2n-6
22:3n-3
22:4n-6
22:5n-6
24:1n-9
22:5n-3
22:6n-3
Σ MUFA

nd

nd

nd

nd

0.93 ±0.08
0.24 ±0.08
0.27 ±0.08
0.86 ±0.14
5.55 ±0.21
5.32 ±0.08
0.51 ±0.03
nd
0.55 ±0.07
0.13 ±0.05
nd
6.99 ±0.14
1.03 ±0.05

0.62 ±0.03
0.57 ±0.04
nd
0.39 ±0.06
5.68 ±0.17
5.38 ±0.08
0 ±0
nd
0.57 ±0.01
0.03 ±0.02
nd
7.40 ±0.17
0.84 ±0.03

0.63 ±0.04
0.59 ±0.08
nd
0.45 ±0.07
6.36 ±0.14
5.26 ±0.08
0.19 ±0.08
nd
0.60 ±0.03
0.05 ±0.05
nd
7.76 ±0.17
0.89 ±0.06

44.18 ±0.53

42.56 ±0.17

43.32 ±0.46

2.69 ±0.23
2.03 ±0.07
0.10 ±0.10
1.75 ±0.27
30.11 ±0.85
18.50 ±0.68
1.15 ±0.23
nd
2.21 ±0.04
0.19 ±0.19
nd
33.69 ±0.82
3.24 ±0.32
173.69

Σ SFA
Σ PUFA

19.66 ±0.41

19.18 ±0.21

19.13 ±0.19

36.16 ±0.54

38.25 ±0.25

37.55 ±0.42

80.36 ±1.69
143.31

n6
n3
n6: n3
ratio
EPA:DHA

15.02 ±0.13
14.96 ±0.35

15.90 ±0.49
16.21 ±0.33

13.64 ±0.51
17.92 ±0.20

37.13 ±0.64
83.38 ±1.11

1.01 ±0.02

0.99 ±0.05

0.76 ±0.04

0.45 ±0.00

6.83 ±0.36

8.90 ±0.32

8.83 ±0.40

10.98 ±1.18

±4.15

±1.96

nd: not detected.
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